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In the past, lotus leaf-inspired superhydrophobicity and fish-scale-inspired underwater 

superoleophobicity were successfully extended for developing various functional materials. A 

number of top-down and bottom-up approaches have been introduced to fabricate artificial 

bio-inspired super wetting interfaces. However, reports of durable and bio-inspired 

wettabilities that can perform in practically relevant severe settings are rare in the literature. 

Designing of bio-inspired interfaces that can sustain physical deformations and abrasions are 

highly challenging. In the last decades, two dimensional and flexible nano-sheets (e.g. 

graphene and graphene oxide etc.) have been utilized to tailor/improve the mechanical 

property in various materials. In this synopsis report, I have introduced approaches to 

covalently integrated amino graphene oxide (AGO) and chemically reactive nanocomplex 

(CRNC) to achieve physically deformable and abrasion tolerant superhydrophobicity and 

underwater superoleophobicity, where a facile and catalyst-free 1,4-conjugate addition 

reaction between the amine and acrylate groups played an important role. The entire synopsis 

report entitled ―Graphene Oxide-Based Functional Interfaces that Embedded with Tolerant 

Super-Liquids (Oil/Water)-Wettability‖ is divided into six chapters. Chapter 1, includes a) 

the introduction to the fundamentals of both the lotus leaf and fish-scale inspired liquid 

wettabilities and b) a brief discussion on durability related challenges of conventional 

artificial anti wetting interfaces. The bio-inspired interfaces that sustained diverse and various 

practically relevant exposures are highly important for prospective and outdoor applications. 

In the past, some complex and tedious approaches had been introduced to heal the damaged 

topography and chemistry on the application of appropriate stimuli. However, the healing of 

compromised topography in the damaged bio-inspired interfaces—without external 

intervention is rare in the literature.  All these important aspects are illustrated in Chapter 1. 

Chapter 2, introduces the design of a highly flexible and compressible superhydrophobic 

monolith through the strategic use of two distinct nanomaterials—a) reduced amino graphene 

oxide (AGO) and b) chemically reactive nano-complexes that were derived from branched 

polyethylenimine (BPEI) and dipentaerythritol penta-acrylate (5Acl). The appropriately 

selected reaction mixture provided chemically reactive and compressible polymeric materials. 

Further, the post covalent modification of the material with decylamine through 1,4 conjugate 

addition reaction yielded a highly tolerant superhydrophobic interface that remained efficient 

to withstand various kinds of physical insults (sand drop test, adhesive tape peeling test, knife 

scratching test, sand paper abrasion test), prolong chemical exposure (pH 1, pH 12, 
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contaminated river water and artificial seawater) and various physical manipulations 

(bending, creasing, rolling and twisting) without compromising its super water repellence. 

Furthermore, this approach was extended to develop a self-healable and abrasion tolerant 

superhydrophobic coating on planar substrates.  On application of high (188 kPa) external 

pressure, the polymeric coating flattened the non-adhesive superhydrophobic interface and 

became highly adhesive superhydrophobic. However, the physically crushed interface 

remained efficient to self-restore both the physical damage and water wettability without 

demanding any external stimuli. The content of AGO in the polymeric coating played an 

important role in controlling the rate of the recovery process. This self-healing ability was 

further successfully extended for the selective immobilization of hydrophilic molecules on 

the superhydrophobic interface—directly from the water medium. The same principle is used 

to demonstrate rewritable patterns. Chapter 3, accounts for highly stretchable and durable 

superhydrophobic and underwater superoleophobic interfaces. The layer-by-layer deposition 

of AGO and CRNC provided a chemically reactive multilayer coating that loaded with 

residual acrylate groups. The appropriate post covalent modifications of this single multilayer 

coating allowed to achieve two distinct and durable bio-inspired interfaces. The synthesized 

bio-inspired interfaces remained efficient to tolerate large and repetitive tensile 

deformations—even after incurring severe physical deformation. Next, in Chapter 4, the 

same multilayer coatings of AGO/CRNC were extended to the fibrous substrate for 

developing abrasion-tolerant and selective oil or water (underwater superoleophobic) 

filtrating membranes. The integration of superhydrophobic and underwater superoleophobic 

coatings onto the fibrous substrate provided a facile basis for achieving gravity-driven 

selective filtration of oil and water phase respectively. Furthermore, the synthesized bio-

inspired membranes were successfully applied for simultaneous collection of selectively 

separated oil and water phases from the oil-water mixtures under various practically relevant 

harsh conditions. However, such membranes are inappropriate to separate oil/water 

emulsions. In Chapter 5, I developed magnetically active and chemically reactive two 

dimensional (2D)  nanomaterials, where the reduced amino graphene oxide sheets were 

decorated with both magnetic Fe3O4 nanoparticles and CRNC. The post covalent 

modification of such chemically reactive material with octadecylamine allowed to achieve a 

magnetically active and superhydrophobic 2D nanomaterial for separating both ‗oil-in-water‘ 

and ‗water-in-oil‘ emulsion under practically relevant challenging conditions. In Chapter 6, I 
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have introduced a distinct and unique approach to associate different oil-wettability with 

superhydrophobicity. A reaction mixture of small molecules and its strategic dilution prior to 

deposition allowed to achieve three different superhydrophobicity that were separately 

associated with superoleophilicity, oleophobicity and superoleophobicity.  In Chapter 7, a 

brief overview of the thesis work has been presented and the possible future applications of 

graphene-based super wetting interfaces have been proposed. Further, a brief description of 

each chapter is highlighted in the following sections.  

 

Chapter 1: Introduction   

In the last decades, different bio-inspired extreme liquid wettabilities have emerged as an 

important avenue for developing functional materials that are useful for various practically 

relevant different applications. In this context, both lotus leaf-inspired superhydrophobicity, 

as well as fish-scale inspired underwater superoleophobicity, have been widely recognized 

for their potential for various applications such as anti-fouling, microfluidics, liquid 

transportation, droplet manipulation, oil-water separation and so on. In the recent past, 

strategically different theoretical and experimental studies independently validated that the 

co-optimization of essential micro/nano scale morphology (also recognized as hierarchical 

topography) and appropriate chemistry (low surface energy for superhydrophobicity and high 

surface energy for underwater superoleophobicity) are the essential criteria for achieving both 

of these bio-inspired (lotus leaf and fish-scale) extreme liquid wettabilities. In the last few 

years, various bottom-up and top-down approaches including lithography, physical/chemical 

vapour deposition, template-based coating, layer-by-layer assembly, sol-gel method, dip 

coating, spray coating were introduced to fabricate artificial superhydrophobic and 

underwater superoleophobic surfaces. For preparing artificial superhydrophobic interfaces, 

different hydrophilic building blocks have been commonly and widely used to develop the 

essential hierarchical topography. Further, the tuning of appropriate chemistry ( i.e. low 

surface energy) on top of the hydrophilic hierarchical interface has remained an essential step 

for adopting extreme water repellence. Such post modulation of low surface energy on top of 

the hierarchical topography was generally achieved by adopting weak interactions and labile 

bonding. For example, metal-ion interactions, metal-thiol bond and silane chemistry are 

known to be susceptible under prolonged exposure to harsh chemical environments and UV 

irradiation. Furthermore, during the harsh physical abrasion processes, the low surface energy 
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coating on top of the hierarchical features was easily removed and thus exposing the 

underneath hydrophilic material. Eventually, the embedded anti-wetting property in the 

conventional designs of superhydrophobic interfaces was easily compromised under 

practically relevant physical abrasions and manipulations. On the other hand, conventional 

underwater superoleophobic surfaces were generally developed by associating soft and 

deformable polymeric hydrogels, brittle metal oxides and weak electrostatic multilayers. 

Such materials are less likely to tolerate the exposures of externally applied pressure, large 

tensile strain, various physical abrasions and continuous exposure to chemically corrosive 

environments. Thus, the lack of chemical and physical durability limited their prospective 

applications in ‗real-world‘ scenarios. To address these durability challenges, in the recent 

past, few unique superhydrophobic interfaces have been developed, and those are 1) post-

repairing approach (where superhydrophobicity was regained by regeneration of the essential 

hierarchal topography and low surface energy coating on the damaged interface)  2) self-

healing approach (where the compromised topography or chemistry was restored through the 

application of appropriate stimuli) and 3) three-dimensional superhydrophobicity (where 

essential topography and chemistry co-optimized three-dimensionally). The practical 

utilization of both post-repairing and self-healing approaches are limited owing to their 

complicated synthetic procedure and inconvenience in maintaining appropriate stimuli in 

practically relevant situations. Whereas, three-dimensional superhydrophobicity that can 

sustain physical abrasion, remained inappropriate to sustain exposure to high external 

pressure. Thus, the design of a self-healing and abrasion tolerant superhydrophobic interface 

that can recover the damaged wettability—without demanding any external intervention is 

essential for the outdoor application of bio-inspired wettability. Recently, two-dimensional 

(2D) nano materials (i.e. graphene, graphene oxide, reduced graphene oxide) have been 

widely recognized for their excellent mechanical property and chemical stability. A number 

of past demonstrations revealed that the appropriate association of graphene-based 

nanomaterial allowed to improve the mechanical property and chemical durability of 

different composite materials.  

In this thesis work, two distinct nanomaterials—amino-graphene oxide (AGO) and 

chemically reactive nano-complexes (CRNC, derived from branched polyethylenimine 

(BPEI) were strategically integrated through 1,4-conjugate addition reaction for developing 

different functional materials—that was embedded with durable bio-inspired (lotus leaf and 
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fish scale) wettabilities. Furthermore, these materials were exploited for different, relevant 

applications such as self-cleaning, anti-wettable printing and oil-water separation.  

 

 

Chapter 2: Synthesis of A Durable, Flexible and Self-Healable Superhydrophobic 

Interfaces 

Lotus leaf-inspired nonadhesive superhydrophobicity has emerged as a potential avenue to 

develop various functional materials for addressing issues related to energy, sensor, 

healthcare, environment and so on. But, a slight perturbation in the physical and chemical 

parameters during the course of physical manipulations, deformations & abrasions (including 

bending, twisting, creasing, compressing, stretching and scratching, etc.) or harsh chemical 

exposures can easily damage the embedded super-water repellence in conventional 

superhydrophobic interfaces. In this Chapter, a highly durable, flexible and self-healable 

superhydrophobic interface is introduced. Here, a facile 1,4-conjugate addition reaction 

between aliphatic acrylates of dipentaerythritol pentaacrylate and primary amines containing 

branched poly(ethylenimine) was used to fabricate a durable and compressible polymeric gel 

material, where reduced amino graphene oxide (AGO) was strategically and covalently 

incorporated to modulate the mechanical property.  

Moreover, the addition of AGO initiated the gelation process, and the gelation rate was 

increased with an increasing the content of AGO. Field emission scanning electron 

microscopic (FESEM)  images of the synthesized polymeric gel revealed the existence of 

random granular topography which was appropriate for adopting nonadhesive 

superhydrophobicity. Moreover, the Fourier Transform Infrared Spectroscopic (FTIR) 

analysis revealed the presence of residual acrylate groups. The appearance of characteristic 

IR peaks at  1409 cm−1 and 1735 cm−1 corresponding to the C−H bond for the β carbon of the 

vinyl group and ester carbonyl stretching respectively indicated that the synthesized 

polymeric coating contained reactive residual acrylate groups. These residual acrylate groups 

were further post-modified with long-chain alkyl amine (decylamine) to achieve non-

adhesive superhydrophobicity with advancing contact angle above 150° and contact angle 

hysteresis less than 5°. This polymeric gel material was embedded with three-dimensional 

superhydrophobicity, where the interior of the synthesized material displayed super water 

repellence. Moreover, the compressive modulus of the synthesized superhydrophobic 
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polymeric material was tailored (from 1237.56 kPa to 15.57 kPa) by increasing the content of 

AGO. This simple design was further extended to develop a self-healable nonadhesive and 

abrasion tolerant superhydrophobic coating. At first, a turbid and milky solution was 

deposited on a glass slide using the doctor blade method. An adequate amount of AGO 

provided a uniform and stable chemically reactive polymeric coating without any peeling and 

cracking. Further, post covalent modification of this chemically reactive coating with 

decylamine amine yielded a non-adhesive superhydrophobic interface, where the water 

droplet beaded with an advancing contact angle of 161° and contact angle hysteresis of  3°. 

Furthermore, this coating displayed a unique self-healing property. On exposure to very high 

external pressure (~188 KPa), the polymeric coating was physically crushed and the 

embedded lotus leaf-inspired nonadhesive superhydrophobicity (Cassie-Baxter state)  was 

compromised. The physically crushed interface provided a highly adhesive (Cassie-Wenzel 

transition state) superhydrophobicity with contact angle hysteresis above 50°. Nevertheless, 

the physically damaged interface recovered its dimensions and non-adhesive 

superhydrophobicity within a few minutes without any external intervention. This self-

healing process was found to be faster in increasing the content of AGO in the synthesized 

polymeric coating. Further, the synthesized polymeric coating can repetitively (37 times) 

self-heal the external pressure induced physical damages. This coating was also capable of 

sustaining severe physical abrasions including sand paper abrasion test, adhesive tape peeling 

test, and sand drop test without altering its water repellent property. This durable coating, 

with very unique self-healing property, was further exploited in (i) developing self-cleanable 

rewritable patterns and (ii) selective immobilization of water-soluble agents on the extremely 

water-repellent surface. Such a unique multifunctional material could be utilized for various 

smart applications such as sustained drug delivery, chemical catalysis, water harvesting,  self-

assembly of colloids, lab-on-chip, chemical sensing, cell culture systems, diagnostics tools 

and so on.  

Chapter 3: Single Multilayer Coating for Achieving Stretchable and Abrasion Tolerant 

Superhydrophobic and Underwater Superoleophobic Interfaces 

Design of stretchable superhydrophobic and under-water superoleophobic interfaces have 

immense potential for developing various smart applications related to stretchable 

electronics, gas sensors, flexible microfluidics, functional textiles, wearable devices, oil 

transportation and so on.  However, reports of highly stretchable and abrasion tolerant 
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superhydrophobic and underwater superoleophobic interfaces that have the ability to perform 

at practically relevant challenging conditions are extremely rare. In Chapter 2, a doctor blade 

technique was adopted to prepare a thick coating (1 mm) on a planar substrate. The 

deposition process was inappropriate to coat geometrically complex objects and such 

coatings also failed to sustain tensile deformation. Thus, in this chapter (Chapter 3), the layer-

by-layer (LbL) deposition technique was strategically adopted to fabricate highly stretchable 

and abrasion tolerant both superhydrophobic and underwater superoleophobic coatings. 

Further LbL deposition process allowed to coat a wide range of substrates, irrespective of 

their geometry. Here, the sequential deposition of AGO and CRNC on a smooth and 

stretchable PDMS film provided a stretchable and chemically reactive coating. The post-

modifications of the chemically reactive and physically deformable multilayered coating with 

decylamine and glucamine provided superhydrophobic and underwater superoleophobic 

interfaces, respectively as shown in. Both the synthesized bioinspired coating remained 

efficient in sustained large tensile deformation—without compromising the embedded super 

liquid repellency. Even, the physically abraded bio-inspired coatings also remained tolerant 

to large tensile deformation.  Further, FESEM analysis revealed the formation of multiple 

cracks on the application of large (100%) tensile strain on the physically abraded coating. 

Even more, these bio-inspired coatings could sustain successive (500 times) large (100 %) 

tensile deformations without perturbing the embedded bio-inspired wettabilities. 

Additionally, both of the interfaces were capable of withstanding various harsh chemicals 

(acidic water, basic water, sea water, river water and UV radiation) exposures. Such 

stretchable and durable interfaces could be very useful for practically relevant outdoor 

applications. 

Chapter 4: Simultaneous Collection of Both Selectively Separated Oil and Water Phases 

from Oil/Water Mixture. 

In the past, frequent oil spillage accidents and a large amount of industrial oily waste water 

discharge imposed a great threat for both marine ecology and environments around the globe. 

Therefore, the development of an energy-efficient and environmental friendly oil-water 

separation process is an important research topic. In the past, various oil-water separation 

techniques, including centrifugation, burning, air flotation, oil skimmers and marine 

microorganisms‘ treatment were introduced to remove the oil spillages. However, low oil-

water separation efficiency and high operation costs limit the applications of these techniques 
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in a practical setting. Recently, lotus leaf-inspired superhydrophobicity and fish-scale 

inspired underwater superoleophobicity have been integrated with fibrous substrates and 

metal meshes to achieve selectively an oil-filtrating membrane and water-filtrating 

membrane, respectively. The use of such a bio-inspired membrane allowed the selective 

separation of either oil or water through the gravity-driven filtration process. In the past, 

mostly, single bioinspired wettability (either superhydrophobicity or underwater 

superoleophobicity) was applied to filtrate either the oil/oily phase or aqueous phase from the 

respective oil/water mixtures. The other liquid phase remained accumulated on top of the 

selected bio-inspired membrane. Further, most of the super wetting membranes remained 

inappropriate for separating the oil-water mixtures at practically relevant diverse and 

complex scenarios. In this chapter, lotus-leaf inspired superhydrophobic and fish-scale 

inspired underwater superoleophobic membranes were developed by adopting a multilayer 

coating introduced in Chapter 3. The multilayer coatings of CRNC and AGO was developed 

on a fibrous substrate. The appropriate post covalent modifications (octadecylamine for 

superhydrophobic property and glucamine for the underwater superoleophobic property) of 

the chemically reactive multilayered coating on the selected fibrous substrate provided both 

superhydrophobic membrane and underwater superoleophobic membrane. As expected, the 

synthesized bio-inspired membranes remained highly efficient to tolerate large (150% ) 

tensile deformation (for 1000 times), creasing, bending, twisting, sandpaper abrasion, sand 

drop test, adhesive tape test and prolong harsh chemical exposures (extreme of acidic and 

basic media, artificial seawater, river water and UV irradiation (at λmax = 254 and 365 nm) for 

25 days. These bio-mimicked membranes were further extended for simultaneous collection 

of separated oil/oily phase and aqueous phase from oil-water mixtures using our lab made 

prototype. Two opposite open ends of a polypropylene tube were covered with the 

superhydrophobic membrane (left side of the tube) and underwater superoleophobic 

membrane (right side of the tube). A surface hole at the middle of the tube allowed to pour 

different oil/water mixtures. Both oil and water phase can be easily simultaneously separated 

easily through the gravity-driven filtration process, where the separation efficiency (above 

99%) remained very high. Furthermore, oil/water separation efficiency remained unperturbed 

even under practically relevant various and severe physical/chemical conditions including 

tensile deformation, extremes of pH, sea water and contaminated river water etc.  
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Chapter 5: Magnetically Active Confined Superhydrophobicity for Emulsions 

Separation at Challenging Conditions. 

In the recent past, superhydrophobic membranes and sponges were successfully applied for 

separating various floating and sedimented oil phases from the contaminated aqueous phase 

with a high separation efficiency. However, such materials remained inappropriate for 

separation of oil-in-water emulsion as the tiny oil droplets that dispersed in the continuous 

aqueous phase, have limited access to such large and bulky superhydrophobic materials (i.e. 

membranes and sponges).  Recently, superhydrophobic microparticles were introduced to 

separate oil droplets from an oil-in-water emulsion, but a separation of surfactant stabilized 

oil-in-water emulsion remained a highly challenging task. Moreover, the separation of water-

in-oil emulsion (where emulsified tiny water droplets) would be useful for cleaning the jet-

engine fuel. In this chapter, amino graphene oxide (AGO) sheets were uniformly decorated 

with Fe3O4 nanoparticles and CRNC. The post covalent modification of chemically reactive 

and magnetically active GO nanosheets allowed to associate confined superhydrophobicity. 

This magnetically active confined superhydrophobicity was observed to be an efficient 

approach for removing both floating oils and emulsion solutions, irrespective of the 

viscosities and densities of the oil/oily phase. The magnetically active superhydrophobic GO 

(MASHGO) can easily reach out to every tiny oil droplet that is dispersed in the aqueous 

phase (in the case of oil-in-water emulsion). On application of an external magnetic field, an 

oil-free aqueous phase was achieved. Even, a surfactant stabilized tiny crude oil droplet was 

successfully separated from the crude oil-in-water emulsion solution following the same 

approach. On the other hand, the magnetically active and confined superhydrophobicity 

provided a facile basis for capturing the tiny water droplets that were dispersed in the oil 

phase by forming ‗Pickering type‘ aqueous droplets. Further, the application of an external 

magnetic field allowed achieving water-free oil phase. Moreover, the synthesized material 

was repetitively (more than 50 times) used for oil/water separations with high separation 

efficiency. The oil/water emulsion separation performance remained unaltered irrespective of 

the size distributions of emulsified droplets in the respective emulsion solutions. The 

emulsion separation performance remained intact in various practically relevant and complex 

conditions (pH 1, pH 12, seawater, river water and surfactant contaminated). Thus, this 

current approach has immense potential to tackle issues related to oil spill accidents, oil 

purification in the petroleum industry and wastewater management. In addition, such 2D 
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nanomaterials embedded with confined superhydrophobicity could be very useful for other 

various applications such as catalysis, sensing, healthcare and energy. 

Chapter 6: Common Avenue for Different Superhydrophobic Interfaces That 

Embedded with Tailored and Stable Oil Wettability in Air 

The nature-inspired superhydrophobic interface inherently displayed an extreme affinity for 

oil/oily phases in air. On the other side, the superamphiphobic interface repels both the 

aqueous phase and oil/oily phase extremely with a contact angle above 150°. The 

fundamental criteria for optimizing such distinct super liquid wettabilities are different. 

Hence, distinct synthetic approaches were generally adopted to optimize essential physical 

and chemical parameters that confer two different types of liquid-repellent interfaces. In the 

previous chapters, sol-gel and layer-by-layer deposition techniques have been extended to 

develop both the fish scale and lotus leaf-inspired interfaces, where chemically reactive 

polymeric nanocomplex and amino graphene oxide were covalently integrated through 1,4-

conjugate addition reaction, but those interfaces remained inappropriate to display in air 

super-oil repellence. In this Chapter 6, a rapid and scalable spray deposition of a reaction 

mixture of a strategically selected two small molecules (i.e. (3-aminopropyl)trimethoxysilane 

(APTMS) and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12- heneicosafluorododecyl 

acrylate (HFDDA)) allowed to tailoring different oil-wettability in air, without perturbing 

superhydrophobicity. The dilution of the small molecules based reaction mixture provided a 

facile basis for optimizing essential parameters to customize different oil wettability—

starting from superoleophilicity to superoleophobicity, keeping intact the super water 

repellence. The synthesized superhydrophobic and superamphiphobic interfaces remained 

efficient for sustaining exposures of various practically relevant physical manipulations 

(including creasing, twisting, finger wiping and tissue paper wiping tests) & abrasions i.e. 

sand paper abrasion, adhesive tape test, knife test etc.) and chemically complex aqueous 

phases for 10 days. Furthermore, both the superhydrophobic and superamphiphobic interface 

was successfully extended for comparing oil/water separation, anti-fouling and self-cleaning 

performances. Such a simple and common synthetic approach for preparing extremely water 

repellent interfaces having differences in oil-wettability in the air would be useful for 

practically relevant outdoor applications. 
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Chapter 7: Conclusion and Future Direction 

In conclusion, I have developed a self-healable, physical abrasion & deformation tolerant 

bioinspired (lotus leaf-inspired superhydrophobic and fish-scale inspired underwater 

superoleophobic) interfaces. A common and facile synthetic approach was adopted, where 

amino graphene oxide (AGO) and chemically reactive nano-complexes (CRNC) were 

strategically integrated following the 1,4-conjugate addition reaction at ambient conditions. 

The controlled association of AGO 1) allowed to tailor the mechanical property of the 

superhydrophobic material and 2) provide a facile basis for self-healing the damage interface 

and its embedded water wettability.  The impact of AGO integration on the physical 

durability and chemical stability of the bio-inspired interfaces were examined in details. The 

multilayered coating of CRNC and AGO allowed to 3) achieve highly stretchable and 

abrasion tolerant superhydrophobic and underwater superoleophobic interfaces. Further, such 

a durable multilayer was extended for coating on the selected fibrous substrate to 4) achieve 

both superhydrophobic membrane and underwater superoleophobic membrane.  Thereafter, a 

lab-made prototype was developed for 5) simultaneous collection of the separated oil and 

aqueous phases from oil/water mixture. Furthermore, a magnetically active and confined 

superhydrophobic material was developed by the strategic decoration of AGO with CRNC 

and iron oxide nanoparticles for 6) separation of both water-in-oil and oil-in-water emulsion 

separation at practically relevant challenging conditions.  

The reduced graphene oxide is well recognized for its catalytic, electrical, thermal and other 

important properties. In this thesis work, reduced graphene oxide was rationally associated to 

develop stretchable and self-healable bio-inspired interfaces. Such interfaces can be further 

extended to develop various water repellent stretchable motion sensors, supercapacitors, 

underwater vibration sensors, piezoelectric pressure sensors and other flexible electronics. 

Additionally, owing to the high surface area and presence of different functional groups in 

graphene oxide, the current approach can be rationally associated with drugs, proteins, 

enzymes and other biomolecules for developing functional materials. Superhydrophobic 

environment could also be very useful to enhance the efficiency of various heterogeneous 

catalysts. Moreover, the durable underwater superoleophobic interface can be further useful 

for anti-platelet adhesion, oil droplets transportation and so on.  Thus, the AGO-based current 

approach for developing durable bio-inspired anti-wetting interfaces has immense potential in 

developing different functional smart materials in the near future. 
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Introduction 

1.1 Bio-inspired anti-wetting interface 

Nature gives a boundless source of inspiration for the design and construction of various 

functional surfaces. Bioinspired designs of anti-wetting material such as superhydrophobic 

and underwater superoleophobic have been a fascinating and important research area in the 

recent year for their prospective and diverse applications related to energy, health and 

environment.1-12 The most well known natural example of the superhydrophobic interface is 

the lotus leaf which not only stays dry but also shows a self-cleaning property. On the other 

hand, fish-scale inspired underwater superoleophobic allowed to protect from oil/oily 

contamination in the aqueous media. Extensive investigation on naturally occurring interfaces 

revealed that two essential criteria play a major role in achieving anti-wetting property and 

those are a) essential surface topography and b) appropriate surface chemistry.1-7,11,13 In the 

last two decades, several top-down and bottom-up approaches have been introduced to 

construct an artificial interface that resembles bio-inspired superhydrophobic and underwater 

superoleophobic interfaces.13-14 In the following sections, the evolution of the bio-inspired 

anti-wettability, design principles, durability challenges and prospective various applications 

are discussed in details. Moreover, current limitations faced by artificial bioinspired designs 

of anti-wetting materials are pointed out and the possible solutions are examined in the 

following sections. 

 

1.2. Liquid wettability on the solid surface 

Generally, the various bio-inspired super liquid wettability appears from the balance of two 

forces of attraction that are cohesive force (attraction force between the like molecules) and 

adhesive force (attraction force among unlike molecules). The high cohesive force of the 

liquid and low adhesive force between liquid and solid surface are the main causes of anti-

wetting phenomena. When a liquid droplet is placed onto a solid surface, the three-phase 

contact line is formed. Then the droplet is started to spread and finally stops at the moment 

when cohesive and adhesive forces come into equilibrium. The liquid wettability of a solid 

surface is usually measured by the static contact angle (CA), which can be calculated as the 

tangential angle of contact made by the liquid droplet on the solid interface at the three-phase 

boundary (Figure 1.1A). Dynamic contact angles are also a very important characterization 

tool to examine the adhesive interaction between beaded liquid droplet and solid surface. 

There are two types of dynamic contact angles-i) advancing contact angle (θAdv) and ii) 
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receding contact angle (θRec) as shown in Figure 1.1C, D.15-17 The advancing contact angle is 

made when a growing liquid droplet touches the solid surface and the volume of droplet 

continues to increase further.17 In contrast, the receding contact angle is measured in the 

opposite way, where the liquid droplet is withdrawn to the dispensing needle. At first, the 

droplet volume is decreased, then the contact line will also begin to decrease, the contact 

angle measure just before the detachment of the receding droplet is defined as the receding 

contact angle. 

The difference between advancing and receding contact angle is called contact angle 

hysteresis (CAH).16 On the other side, the tilting angle is referred as the critical angle of the 

substrate with the horizontal line at which the water droplet starts to move by the 

gravitational force (Figure 1.1E, F). Both the contact angle hysteresis and tilting angle 

provide the qualitative estimation of adhesive interaction between a beaded liquid droplet and 

solid surface. Now, based on the static and dynamic contact angles of the beaded aqueous 

phase, the solid surfaces can be classified as hydrophilic and hydrophobic as shown in Figure 

1.1B.  The surfaces having a water contact angle less than 90° are considered as hydrophilic. 

Whereas, for the hydrophobic surface, the water contact angle should be above 90°.18  

Recently, Volger et al, pointed out that a water contact angle of 65° exactly divides solid 

materials into hydrophilic and hydrophobic instead of 90°.19 Specifically, long-range 

attractive forces could appear when two planes exhibited a water contact angle greater than 

65°. On the other hand, repulsive forces could be observed between surfaces with contact 

angle below 65°. Their results indicated that the new division of hydrophilicity and 

 

Figure 1.1: A) Schematics for contact angle (θ) which defines as the tangential angle between the liquid 
and the solid phases at three phases contact point. B) Representation of various wettabilities of beaded 
water droplet on solid surfaces based on the contact angles and those are superhydrophilic, hydrophilic, 
hydrophobic and superhydrophobic. C-D) Schematic representation of advancing (C), receding (D) 
contact angles. E-F) Schematic representation of tilting angle (E) and roll off angle (F) of beaded water 
droplet on solid surfaces. 
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hydrophobicity should be 65° instead of 90°.19-20 Generally, the interfaces with static water 

angle > 150° are defined as superhydrophobic. Besides, superhydrophobic interfaces are also 

categorized as an adhesive (CAH>10°) and nonadhesive (CAH<10°) superhydrophobicity.20 

In the case of an underwater superoleophobic surface, the oil contact angle should be above 

150°.14,21   

 

1.3. Evolution of wettability 

Nature developed various anti-wetting properties through a million years of biological 

evolution. Probably, in the  Carboniferous period (approximately 300 million years ago), the 

largest dragonfly Meganeura had superhydrophobic ultrathin wings.22 Moreover, In the 

Jurassic period, the Ginkgo trees had a hierarchically structured superhydrophobic surface 

which was constructed by the long-chain fatty alcohols. Generally, birds and terrestrial 

mammals including ducks, shrews and geese, which temporarily live on water are usually 

superhydrophobic.22 In 1944, Baxter et al, discovered the extreme water-repellent property of 

the duck feather‘s which contain structural features on its feathers (Figure 1.2A).23 In 1997, 

two German Botanists, Neinhuis and Barthlott revealed the morphology of the lotus-leaf 

(Nelumbo Nucifera) by using a scanning electron microscope (SEM) and reported the 

presence of randomly distributed microscale papillae (bumps; 5–10 μm) covered by hairy 

nanoscale wax crystalloids (diameter of 100–200 nm) resulting in two-tier micro/nano 

topography (Figure 1.4A-C).24 This surface displays non-adhesive superhydrophobicity with 

water contact angle 161°±2.7° and roll-off angle below ∼5º. As a consequence, the rolling 

water droplet on a lotus leaf is able to pick up the deposited dust and dirt particles, leading to 

self-cleaning (Figure 1.2B).25 In 2001, Parker et al, discovered the mechanism of fog 

harvesting by the back of Namibian Desert Beetles (Stenocara gracilipes) which is made up 

of micro-sized hydrophilic bumps and superhydrophobic wax-coated valleys (Figure 1.2C).26 

At first, tiny water droplets condense and grow rapidly in the hydrophilic region, then those 

bigger size droplets are detached from the hydrophilic region and roll off towards the mouth 

of the beetle. In 2002, Autumn et al, first reported the dry adhesive superhydrophobic 

property of the gecko‘s foot with a water contact angle above 160°. A Gecko‘s foot consists 

of well-aligned millions of hydrophobic keratinous setae (approximately 5 μm in diameter 

and 110 μm in length), which are further split into hundreds of smaller nanoscale ends called 

spatula (1—200 nm diameter). These tips generated huge Van der Waals force which helps 

the gecko to climb or ceilings to even molecularly smooth surfaces (Figure 1.2E).27-28 In 
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2002, the anisotropic super-water-wettability property of the rice leaf was reported, where the 

micro papillae are arranged parallel follows a quasi-one-dimensional order to the rice leaf 

edge and randomly distributed in other directions such that the water droplets can able to roll 

off along the particular direction parallel to the leaf edge (Figure 1.2D).29 In 2007, Zheng et 

al, reported the anisotropic superhydrophobicity of the butterfly wings similar to rice leaves 

where water droplet can roll off along only the radial outward direction but pinning the 

droplet movement in the opposite direction (Figure 1.2H).30 

Scanning electron microscope (SEM) analysis reveals periodical hierarchal scales along the 

radial outward direction which are composed of well-oriented nanostripes. Interestingly, 

 

Figure 1.2. A-R) Digital images of various naturally existing superwetting interfaces including 
superhydrophobic duck feathers (A), superhydrophobic lotus leaf (B), stenocara beetle with 
superhydrophobic/hydrophilic patterns on the back (C), rice leaf with directional superhydrophobicity (D), 
highly adhesive superhydrophobic foot of gecko (E), superhydrophobic legs of the water strider which 
helps it stay afloat on water (F), slippery liquid infused peristome of nepenthes pitcher plant (G), 
anisotropic superhydrophobicity displayed by the wings of the butterfly wings (H), transparent 
superhydrophobic eye of the mosquito (I), rose petals displaying highly adhesive superhydrophobicity (J), 
underwater superoleophobic characteristics of the fish scales (K), the highly adhesive superhydrophobic 
nature of the egg-beater shaped leaf of Salvinia Molesta (L), spider silk displaying directional 
hydrophilicity (M), the lower side of the lotus leaf displays underwater superoleophobicity (N), 
underwater superoleophobic property displayed by clam‘s shell (O), desert cactus displaying directional 
hydrophilicity actus (P),  file fish displays characteristic anisotropic underwater superoleophobicity (Q), 
aloe vera mucilage displaying underwater superoleophobicity (R). Reprinted with permission from J. 
Mater. Chem. A, 2021, 9, 824. Royal Society of Chemistry. 
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these nanostripes are stacked stepwise by tilted periodic lamellae along the radial outward 

direction and the nanoscale tips on the top of stripes tilted slightly upward which allowing the 

water droplet to roll away along with it.30 In 2008, highly adhesive superhydrophobic ‗rose 

petal effect‘ was discovered where it was found that water contact angle on the red rose petal 

is 152.4° but the water droplet cannot able to move even on turning the rose petal upside 

down (Figure 1.2J).31   

On the other hand, in 2009, Jiang and co-workers first explored the underwater extreme oil-

repelling property of fish scales (Figure 1.2K).32 Fish scales are constructed by hydrophilic 

hierarchical building blocks of calcium phosphate skeleton and protein which are further 

coated with a relatively thin mucus layer to help the trapping a large amount of water in its 

rough microstructures. Microscopic images revealed the random distribution of micro 

papillae with a length of 100–300 mm and a width of  30–40 mm width on the surface of the 

fish scales. The micro-nano roughness and high surface energy coating that presence in fish 

scales contributed to display of underwater superoleophobicity with oil contact angle 

156.4°.32 Moreover, It was found that the lower side of the lotus leaf is also exhibiting 

underwater extreme oil-repellency behaviour which has the nano-grooves structured tabular 

and slightly convex papillae without any waxy covering (Figure 1.2N).33 In 2014, Jiang and 

co-worker reported the unique anisotropic underwater oleophobic property of filefish 

(Navodon septentrionalis) skin which contains one direction array of hook-like spines with 

high surface energy organic coating (Figure 1.2Q).34  Therefore, oil droplets on its skin 

surface can roll away from the head to tail direction but it was stick in the opposite direction 

and it can avoid the oil accumulation on the head to survive in the oil spilled aqueous 

environment. Later, Cai et al, investigated durable salt-tolerant underwater 

superoleophobicity of seaweed (Saccharina japonica) which is mainly because of the high 

content of salt-insensitive polysaccharides such as alginate, carrageenan, and agar.35 In 2018, 

Shome et al, found that the Aloe Vera Mucilage displayed durable underwater 

superoleophobicity (Figure 1.2R).36 Inspired by the aforementioned creatures, various 

artificial bio mimicked liquid-repellent interfaces have been developed through different 

approaches. But for a thorough understanding of such extreme oil/water wettability, basic 

theoretical models need to be discussed.  

 

1.3.1. Basic theoretical models 

1.3.1.1 Young model 
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 In 1805, Thomas Young was the first to mathematically explained the water contact angle on 

an ideal smooth surface and proposed a model which is widely recognized as the Young 

wettability model (Figure 1.3A).37 He considered that the liquid contact angle is arisen due to 

the balancing force among the interfacial energy among the solid–vapour (ƳSV), liquid-

vapour (ƳLV) and solid-liquid (ƳSL) interfaces as given below, 

 

                                                 cosθY =  (ϒSV - ϒSL)/ϒLV  …………………………… (1) 
 

where θƳ refers to Young‘s contact angle. 

This equation is suitable only for a completely smooth surface, however, the contact angle of 

beaded liquid droplet on the rough surface can not be explained.  Even more, the low surface 

energy coated smooth material (i.e, C9 perfluorocarbon), the water contact angle can only 

reach 105°–118°.38  

 

1.3.1.2 Wenzel model 

In 1936, Wenzel proposed a new model to explain the water wettability in the rough surface 

by introducing the surface roughness factor (r) into the Young model as shown in equation 2 

and Figure 1.3B.39 

                                               cosθW = r cosθY…………………………………….…. (2) 

where θƳ refers to Wenzel‘s contact angle. The roughness factor is defined as the ratio of the 

actual surface area to the projected surface area. As the surface roughness factor is always 

more than one, therefore, the contact angle on the hydrophobic surface always increased and 

the hydrophilic surface becomes more hydrophilic with increasing the surface roughness. 

However, this homogenous Wenzel model on the rough surface is not capable of explaining 

the superhydrophobicity and underwater superoleophobicity.  

 
 

 

Figure 1.3. A-C) Schematic interpretation of Young‘s model (A), Wenzel‘s model (B) for homogeneous 
wetting and Cassie-Baxter‘s model (C) for heterogeneous wetting.  
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1.3.1.3 Cassie Baxter model 

 In 1944, Cassie and Baxter introduced a heterogeneous wetting model where the water 

droplet beaded on the rough solid interfaces with discontinuous contact—due to the presence 

of entrapment of air phase in between the structured grooves on the solid surface (Figure 

1.3C).40 In this model, the apparent Cassie-Baxter contact angle (θCB) is the sum of the total 

contributions from all the different phases as follows: 

 

                                              cosθCB = f1cosθ1 + f2cosθ2 

 

Where, f1 and f2, are the geometrical fractional contact area for solid/liquid and liquid/air 

interfaces respectively (where f1+ f2 = 1), and θ1, θ2 are the contact angles of the liquid droplet 

on solid and air phases, respectively. 

The water contact angle in the air is 180° and if the solid fraction is f, the air fraction would 

be 1- f. Then the modified Cassie- Baxter equation can be expressed as:  

 

                        cos θCB = f cos θ1 + (1-f) cos180º ………………...... (4)  

                        cos θCB = f cos θ1 + f -1 ….…………………………. (5)  

 

This Cassie-Baxter model can able to explain the higher contact angle above 150°. The 

entrapped air layer prevents the liquid phase to penetrate the micro-nano grooves of the 

surface which helps to get superhydrophobicity. 

The Cassie-Baxter model can also be successfully extended to understand underwater 

superoleophobicity where the water layer is remain trapped in the high surface energy coated 

micro-nano grooves.14,41 Thus oil droplet can not penetrate into the grooves and are extremely 

repealed by the surface under water. The apparent oil contact angle (θCB
(oil)) for such surfaces 

are given by the underwater Cassie-Baxter state as shown in equation 6. 

cosθCB
(oil) = fwcosθOW + fw – 1….…………………………. (6) 

where fw is the fraction of solid interface in contact with the beaded underwater oil droplet 

and θOW is the underwater Young‘s oil contact angle. 

 

1.3.2 Essential criteria for designing artificial  super liquid wettability 

 In the last two decades, lotus leaf-inspired nonadhesive superhydrophobicity and fish-scale 

inspired underwater superoleophobicity have been studied thoroughly to understand the 
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essential criteria of super anti-wettability. In 1997, Barthlott et al, assumed that the 

superhydrophobicity was mainly caused by the micro-meter sized papillae and an epicuticular 

waxy layer which provided a single-tier model. 

But, It was found that only microstructure based superhydrophobic interfaces remained 

adhesive in nature.24 In 2002, Jiang et al, pointed out that micro/nanoscale two-tier roughness 

of lotus leaves are essential for nonadhesive superhydrophobicity.42 Later, Koch et al, 

confirmed the important role of micro-nano hierarchical topography for constructing lotus 

leaf mimicked nonadhesive artificial superhydrophobicity.25 Therefore, detail experimental 

analysis revealed that two essential criteria are required to developing nonadhesive artificial 

superhydrophobicity, i) micro/nano hierarchical features and ii) low surface energy coating.20  

In 2009, Liu et al, investigated the underwater superoleophobicity of the fish scale.32 SEM 

images have confirmed the presence of a random distribution of the hierarchical feathered 

micropapillae with 100–300 μm in length and 30–40 μm in width on the fish scales surface 

(Figure 1.4D-F). These hierarchical structures are made out of hydrophilic components and 

an additional mucus layer is present on the top. The hydrophilic mucus layer on the fish scale 

surface provided high water affinity and the externally trapped aqueous phase in 

Figure 1.4. A-F) Digital photographs (A, D) and scanning electron microscope (SEM) images (B, C, E, 
F) of superhydrophobic lotus-leaf (A-C) and underwater superoleophobic fish-scales (D-F) in low (B, E) 
and high magnification (C, F). Reproduced with permission from Chem. Soc. Rev., 2017, 46, 4168. 
Copyright 2017, Royal Society of Chemistry. 
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hierarchically structured micro-nano topography contributed to the under water oil-repellent 

property. Thus, micro-nano hierarchical features and high surface energy coating are the 

essential criteria for achieving  underwater superoleophobicity.32  

1.4.  Applications 

 In the past,  these two distinct bio-inspired super liquid repellence properties (i.e. 

superhydrophobicity and underwater superoleophobicity) extended for diverse and relevant 

applications (as shown in Figure 1.5). The superhydrophobicity was successfully 

demonstrated for self-cleaning, anti-fogging, antireflection, anti-corrosion, drag reduction, 

water harvesting, drug delivery and other biological applications (Figure 1.5).43-44 For 

example, in 2015, Lu et al, developed a water repellent paint that consisted of TiO2 

nanoparticles and perfluorooctyltriethoxysilane and remained capable of displaying self-

cleaning performance in the air as well as under oil.45 Superhydrophobic coating was also 

used to address the corrosion-related challenges. Corrosion of the metal surface is a major 

economic problem for various industries.45 In 2008, Zhang et al, demonstrated the anti-

corrosion property of superhydrophobic coating where a porous anodic alumina/aluminum 

substrate was coated with water repellent laurate‐intercalated films of ZnAl layered double 

hydroxide (ZnAl‐LDH–laurate).46 The superhydrophobic property of the film gave prolonged 

corrosion protection of the metal substrate from the aggressive chemical environment. The 

superhydrophobic coating can also able to show anti-icing property which is very important 

for radar, space flight, aviation. Tourkine et al, reported that freezing of water droplets could 

be significantly delayed on micro-nano structured superhydrophobic surfaces as compared 

with a flat surface.47 It was found that the entrapped air within the micro-nano grooves of the 

superhydrophobic surface provides the essential thermal insulation to delay the water 

freezing process. Moreover, in 2012, Yohe et al, prepared three-dimensional 

superhydrophobic material adopting an electrospinning method and such coating was able to 

provide sustained release of the pre-loaded drug molecule in the aqueous phase. The 

metastable trapped air in the three-dimensional superhydrophobic material acted as a 

removable barrier against the aqueous phase which helps to slow down the release of the 

embedded water-soluble molecule.48 Furthermore, recently, the superhydrophobic interface 

has been extended for developing an efficient solid acid catalyst, protein crystallization, 

microfluidics and miniature chemical reaction systems.43-44 On the other hand, the underwater 

superoleophobic interfaces have been utilized in many applications such as oil transportation, 

microfluidics, underwater robotic device, anti-platelet adhesion and so on (Figure 1.5). For 
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example, Wang et al, demonstrated that underwater superoleophobic interface prevents 

fouling of various oil including viscous crude oil in the marine environment.49 Furthermore, 

the underwater superoleophobic interface can help to prevent blood coagulation and 

thrombosis which is very important for implantation and many other medical uses. 

In 2009, Chen et al, fabricated nanoscale topography on poly(N-isopropylacrylamide) 

(PNIPAAm) surface by introducing Si nanowire arrays which showed significant anti-

platelets adhesion property as compare with bare Si surface. It was found that high water 

content and micro-nano morphology of the underwater superoleophobic interface played a 

crucial role in reducing the platelets adhesion and prevent blood clotting.50 In 2011, Su et al, 

fabricated an underwater superoleophobic device that was successfully used for oil or organic 

solvent droplet transportation in the miniature underwater chemical reaction. Besides, both 

superhydrophobic and underwater superoleophobic interfaces can be used for oil-water 

separation.51 In the recent past, frequent oil-spill accidents and industrial oily-waste water 

discharge imposed severe worldwide challenges (Figure 1.6).52-57 For instance, in the Gulf 

war, around 240 million gallons of oil were discharged into the Persian Gulf which killed 

hundreds of fish and marine mammals.57 Next, the Deepwater Horizon oil spill in the Gulf of 

Mexico in 2010 released 200 million gallons of crude oil into the sea and caused severe 

damage to the marine eco-system.58 Besides, oily-wastewater discharge from various 

industries such as mining, biopharmaceuticals, petrochemicals, textiles and foods poses a 

great threat to the environment.59-60 Therefore, oil/water separation is an important emerging 

Figure 1.5. Schematic representation of various applications of superhydrophobic and underwater 
superoleophobic interfaces. 
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topic in both academic and industrial research. Generally, various conventional approaches 

have been adopted to solve this problem such as chemical dispersants, skimming, in situ 

burning, etc.61-62  

 

However, such traditional approaches are associated with high energy consumption, low 

efficiency and secondary pollutions. Therefore, the development of highly efficient, cost-

effective and eco-friendly oil/water separation techniques is very essential in the current 

context. 

Recently, the superhydrophobic and underwater superoleophobic surfaces have been used for 

oil-water separation with high efficiency (Figure 1.7). In 2004, Feng et al, first time used 

lotus leaf-inspired superhydrophobic material for the gravity-driven selective separation of 

oil/water mixture.63 They fabricated superhydrophobic stainless steel mesh and they found 

that only the oil phase in the oil-water mixture was able to pass through the superhydrophobic 

mesh. This property was successfully utilized for gravity-driven filtration based separation of 

oil contaminates from oil/water mixture. Later, this bio-mimicked superhydrophobic property 

was further extended for selective absorption of the oil phase from the oil/water mixture.64-65 

Moreover, fish-scale inspired underwater superoleophobic material was also exploited for oil-

 

Figure 1.6. A-D) Images of the crude oil spillages on the ocean surface after oil spill accident in the Gulf of 
Mexico which destroyed the aqua-eco system of ocean and coastal area. Reprinted with permission from 
Phys. Chem. Chem. Phys., 2018, 20, 25140. Copyright 2018, Royal Society of Chemistry. 
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water separation where this material was able to separate water from various oil/water 

mixtures. 

For instance, Xue et al, a fabricated hydrogel-coated underwater superoleophobic porous 

metal substrate which was able to gravity-driven selective separation of water from the 

oil/water mixtures with high separation efficiency (>99%) without any external 

intervention.66 After that, various superhydrophobic and underwater superoleophobic material 

was developed to use for efficient oil/water separation.67-70 

 

Figure 1.7. A-B) Schematic representation of the oil-water separation through superhydrophobic and underwater 
superoleophobic material where superhydrophobic material repel the water phase, but oil phase can easily 
penetrated through it. Whereas underwater superoleophobic material repel the oil phase and water phase can 
easily pass through it.  C) Plot displaying the number of papers published on oil-water separation. Reprinted with 
permission from Adv. Mater. Interfaces, 2019, 6, 1900126. Copyright 2019, John Wiley & Sons, Inc. 
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These two special wetting properties have great potential in energy-efficient, eco-friendly oil-

water separation compared to traditional separation technology. But, the demonstration of 

oil/water separation in the practically relevant severe conditions is rare in the literature 

because of the poor physical and chemical durability of the artificial bio-mimicked interfaces 

under challenging scenarios. 

 

1.5. Limitations of conventional methods 

Even though both the lotus leaf-inspired superhydrophobic and fish-scale inspired underwater 

superoleophobic interface has immense prospective for the practically relevant application, 

the poor mechanical durability and chemical stability limit their relevant outdoor 

applications. As described before, the appropriate micro-nano morphology and surface 

chemistry are the essential criteria for these two bio-mimicked interfaces. In the last two 

decades, various top-down (lithography, plasma etching, temptation) and bottom-up  (sol-gel 

method, layer by layer deposition, chemical and physical vapour depositions, 

electrospinning) approaches have been adopted to develop appropriate hierarchical 

topography for artificial lotus leaf and fish-scale inspired interfaces—that are mostly and 

commonly derived from hydrophilic constituents (Figure 1.8A).13-14,20,21 Generally, in the 

case of conventional superhydrophobic interfaces, the top surface of this hydrophilic 

hierarchical topography was further coated with a thin layer of inert low surface energy 

molecules by using weak and labile interactions/bonding including metal-ion interactions, 

metal-thiol and silane chemistry etc., which are known to be susceptible under severe 

complex chemical conditions and prolonged UV radiation (Figure 1.8E).71-81 Furthermore, 

the top inert coating can easily erode during harsh physical abrasions which expose the 

hydrophilic material underneath, thus, sacrificing the embedded superhydrophobic property 

(Figure 1.8B).82-83 Besides, the conventional superhydrophobic interfaces also can not sustain 

the large tensile and compressive strains (Figure 1.8C-D).82-83 On the other hand, artificial 

underwater superoleophobic coatings were mostly fabricated by using fragile metal oxides, 

delicate polymeric hydrogels, and labile electrostatic multilayers which are prone to damage 

under various physical abrasions, mechanical stress and prolonged exposure to aggressively 

corrosive aqueous environments (Figure 1.8F-H).3,7,14,84 Recently, various approaches have 

been adopted to endure harsh physical and chemical insults such as i) post-repairing 

approach, ii) self-healing approach and iii) three-dimensional bulk anti-wetting approach  

(Figure 1.9) for achieving prolong the performance of artificial superhydrophobicity.85-88 In 
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the post-repairing approach, the appropriate hierarchical structures and essential surface 

chemistry were regenerated on the damaged areas by adopting dip and spray coating 

methods, and thus, the anti-wetting property was restored (Figure 1.9A). 

For instance, Zhu et al, introduced a mechanically durable superhydrophobic surface with 

post-repairing ability via Ag deposition and surface fluorination on the polymer/metal 

composite. After a harsh abrasion process, the surface of the material was seriously damaged 

and the anti-wetting property was compromised. However, after repeating the Ag deposition 

with the surface fluorination process, the material regained the anti-wetting property.85 Li et 

al, reported a repairable transparent superhydrophobic coating through spray coating of SiO2 

and diethoxydimethylsilane mixture.89 The damaged interface restored its compromised anti-

wetting property after spray deposition of essential ingredients. However, the regeneration of 

essential topography and chemistry would be inconvenient and laborious in diverse and 

outdoor settings.85 Later, the self-healing approach was introduced to improve the durability 

through the release of low surface-energy agents or regenerating the surface topography by 

application of external stimuli (i.e. temperature, UV radiation, pH, humidity) as shown in 

Figure 1.9B. But, the performance of such approaches is limited to certain healing/repairing 

cycles. Moreover, the maintenance of proper external stimuli and repeated regeneration 

process would not be desirable at practically relevant scenarios. For example, Li et al, 

reported a robust self-healable superhydrophobic surface via layer-by-layer (LBL) deposition 

of a polyelectrolyte complex of poly(allylamine hydrochloride) (PAH), sulfonated poly(ether 

 

Figure 1.8. A) Schematic representation of various top-down and bottom up approach to fabricate 
superhydrophobic and underwater superoleophobic interfaces. B-E) Schematic illustration of the 
conventional designs of superhydrophobic interfaces and its limitations under practically relevant 
challenges—including physical abrasion (B), external pressure (C), tensile strain (D), harsh chemical and 
UV exposure (E). F-H) Schematic diagram of conventional hydrogel (F), metal-oxide (G) and 
polyelectrolyte multilayer-based (H) underwater superoleophobic interfaces which are supceptable to 
damage under harsh chemical and physical insults.  
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ketone) (SPEEK) and polyacrylic acid (PAA) on the substrate followed by chemical vapour 

deposition (CVD) of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (POTS) at 120°C for 3 

hours. 

The porous polymeric PAH–SPEEK/PAA multilayers provided the hierarchical topography 

and acted as a reservoir to accommodate an excess amount of low surface energy molecule—

that is POTS. After O2 plasma-etching treatment, the multilayers became hydrophilic, but it 

restored the superhydrophobicity in a humid environment where the preserved POTS 

migrated from the bulk of the coating to the top of the multilayer coating. This etching-

healing cycle was successfully carried out for six times.87 However, these types of material 

can be healed only for a few cycles after which the anti-wetting property is permanently 

compromised due to depletion of the amount of loaded healing agents, thus, limiting its 

practical utility. Besides, shape memory polymers were also used to develop stimulus assisted 

healable-superhydrophobic coatings where crushed microstructures were able to restore the 

anti-wetting property by application of suitable external stimuli.90-92 But the maintenance of 

 

Figure 1.9. Diferent approaches to achieve durable superhydrophobicity. A) Schematic representation of 
regeneration of damaged superhydrophobicity following the post repairing approach. B) Schematic 
illustrating the working principle of the self-healing process, where an excess of physically deposited low 
surface energy molecules is preserved in the bulk of the material that can migrate to the damaged surface in 
the presence of an external stimulus, thus restoring the bio-inspired liquid wettability. C) Schematic 
representation of three-dimensional, abrasion tolerant bulk superhydrophobicity. Reprinted with permission 
from J. Mater. Chem. A, 2021, 9, 824. Royal Society of Chemistry. 
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these appropriate external stimuli is inconvenient in practical application. Thus, it is very 

evident that the practical utilization of both the bio-mimicked properties is highly challenging 

due to the poor physical and chemical durability. Recently, a new kind of three-dimensional 

superhydrophobic coating has been developed by a few research groups. In such a design, the 

liquid-repellent property is not just limited to the top surface of the material but also exists in 

the bulk of the material (Figure 1.9C).48,93-96 

However, most of these reported materials are either fabricated through tedious/complex 

processes or associated with harmful and expensive chemicals that are inappropriate for 

industrial scale-up. Thus, this area of research requires further improvement for developing 

durable materials that can sustain under various and severe outdoor settings.  

 

Figure 1.10. A-B) Chemical structures of branched poly(ethyleneimine) (BPEI, A) and dipentaerythritol 
pentaacrylate (5Acl, B) molecules. C) Depiction of the 1,4-conjugate addition reaction between primary 
amine of BPEI and acrylate groups of 5Acl. D) Schematic illustrating the formation of reactive polymeric 
gel from BPEI/5Acl mixture via the formation of reactive nanocomplex intermediate. E-H) Digital images 
(E, G) and advancing water contact angle (F, H) of the untreated (E, F) and decylamine treated polymeric 
material (G, H). I-J) Digital and advancing water contact angle image of knife scretched superhydrophobic 
interface where  superhydrophobic property remain intact after removal of top surface of the material. K-L) 
Digital image demonstrated that superhydrophobic gel material was brittle in nature which can be easily 
broken under external pressure. Reproduce with permission from Chem. Mater., 2016, 28, 8689. Copyright 
2016, American Chemical Society. 
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In 2016, Rather et al, exploited salt-assisted 1,4-conjugate addition reaction between amine-

containing branched poly(ethyleneimine) (BPEI) and multiple acrylate group-containing 

dipentaerythritol pentaacrylate (5Acl) to develop chemically reactive polymeric gel via 

formation of chemically reactive nano-complex (CRNC) as shown in Figure 1.10.97 This 

‗reactive‘ polymeric gel was successfully utilized to the developed durable bulk 

superhydrophobic monolith where anti wetting property present throughout the material and 

it remained intact even after removing its top surface (Figure 1.10I-J). Owing to the covalent 

cross-linking of the polymeric matrix, this monolith sustained its water repellent property 

under severe physical abrasions and prolong exposure of chemically harsh environments. 

But, this material was brittle in nature and it was easily broken down into pieces under the 

application of large and repetitive compressive or tensile strain (Figure 1.10K-L). In my 

thesis work, I intend for developing the chemically reactive and highly deformable monolith 

and coating that would be capable of providing highly durable and bio-inspired extreme anti-

wettability (superhydrophobic and underwater superoleophobic). The prepared interface 

would be appropriate to can sustain severe physical abrasions, large tensile/compressive 

strain and harsh chemical environment. 

1.6. Effect of graphene or graphene oxide in mechanical reinforcement of the material  

In the last two decades, graphene-related materials have been explored extensively to 

improve the mechanical strength of the material.98,106,108,186,187,188 Graphene is the single-layer 

carbon allotrope where  sp2 hybridised carbon atoms are linked through strong σ bonds in the 

hexagonal honeycomb lattices (Figure 1.11A).99-102,189 Theoretical and experimental studies 

revealed that the mechanical strength of graphene is remarkable and it is the strongest two-

dimensional material ever developed.102-105  In 2008, Hone and coworkers first calculated the 

mechanical strength of graphene monolayer by applying nanoindentation technology (Figure 

1.11E). The intrinsic strength of the graphene monolayer is 130 GPa and Young‘s modulus 

close to 1.0 ± 0.1 TPa (assuming an effective thickness of 0.335 nm).102 These extraordinary 

mechanical properties of graphene remained an important basis for tailoring in mechanical 

property in the various functional materials.98,107-108 Generally, the Halpin-Tsai model widely 

used to understand the mechanical reinforcement of the different material after the 

incorporation of graphene sheets where  Young‘s modulus of the composite material can be 

measured through the following equation (i). 
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                              ECr  =   
 
EC// +   

 
EC⊥ 

                                     = [  
 
 (1+ξηLVf)/(1−ηLVf)+  

 
 (1+2ηTVf)/( 1−ηTVf) ] Em    ….. (i) 

 

where ECr, EC// and EC⊥ represent Young´s modulus of a composite material with fillers 

(graphene sheets) oriented random, parallel and perpendicular with the direction of the 

applied load respectively. Ef is Young´s modulus of fillers and Em is the young modulus of 

the material matrix, respectively. Vf is the volume fraction of fillers. ηL and ηT are given by 

equations (ii) and (iii). ξ is depended on the structure and morphology of the fillers which is 

given by the equation (iv).  

 

                                            ηL =  
  
  

      
  
  

        ……....(ii)         

 

                                            ηT =  
  
  

      
  
  

       ……….(iii) 

                              

                                                        
 
 C =  

 
  
 
 =  

 
 αf      …. ………..(iv)   

 

     where αf is the aspect ratio of the fillers where l and t are the length (or area) and thickness 

of the fillers. The above Halpin-Tsai model (Eqn. i) certainly shows that the aspect ratio of 

the fillers is one of the important factors for mechanic1al reinforcement of the composites 

material and the higher the aspect ratio of filler, increase Young‘s modulus of the composites. 

Graphene sheets have a very high aspect ratio and thus it enhanced the mechanical property 

of the composite significantly.147 

In the last two decades, many articles have been published where graphene sheets were used 

for the remarkable improvement in the mechanical properties of a different kind of polymer 

material such as poly(vinyl alcohol), nylon-6, epoxy resin, polyurethane, polypropylene, 

polyethene, polytetrafluoroethylene and polymethyl methacrylate etc.111-119 The various 

methods including melt mixing, solution blending, in situ polymerization, layer by layer 

(LbL) have been used for the preparation of graphene/polymer nanocomposites.112,118,120-122  

Nevertheless, maximum mechanical improvement can only be obtained when the graphene 

sheets are dispersed homogeneously in the composite materials. But the homogeneous 

incorporation of graphene sheets in the polymeric matrices is a very challenging task. 

Generally, the graphene sheets can be easily agglomerated in the polymeric matrices due to 

TH-2641_156122052



Chapter 1 
 

19 | P a g e  
 

strong van der waals interactions between the graphene monolayers.111,123-126 Therefore, in 

the last decade, overcoming these van der waals interactions of the graphene sheets was a 

very important research topic and many groups have developed different techniques to make 

homogeneous dispersion of pristine graphene by using different solvents, surfactants and 

surface functionalizations.125-129 

 

In contrast, graphene oxide (GO) sheets that are synthesized by the oxidation of graphene can 

address this problem.130-131 Graphene oxide sheets contain different functional groups, such 

as carbonyl, epoxy, hydroxyl, and carboxyl groups on their basal planes and edges, which 

significant reduce the van der waals interactions and promote the homogeneous dispersion of 

GO in the polymeric matrix (Figure 1.11B-D).132-134 In the last two decades, various synthetic 

methods of graphene oxide have been developed such as chemical methods (Brodie, 

Staudenmaier, Hofmann, Hummers‘ and Tour‘s method), electrochemical methods, microbial 

methods.135-140 The important advantages of graphene oxide are the easy processing and ease 

 

Figure 1.11. A) Scheme of structural model of graphene (A) and graphene oxide (GO, B), showing that 
graphene consists of only trigonally bonded sp2 carbon atoms while GO consists of a partially sp2 carbon 
network with phenol, hydroxyl, and epoxide groups on the basal plane and carboxylic acid groups at the 
edges. C) Atomic force microscopy (AFM) image of a GO sheet. The apparent thickness of a single sheet is 
around 1 nm. Reproduce with permission from Nano Lett. 2007, 7, 3499. Copyright 2007 American 
Chemical Society. D) Scanning tunneling microscope (STM) image of a GO monolayer. Oxidized regions 
are marked by green contours. Reproduce with permission from Nano Lett. 2007, 7, 3499. Copyright 2007 
American Chemical Society. E) AFM nanoindentation on suspended graphene sheets with defects. F) Graph 
of the graphene failure strength versus the flake width for various monolayer graphene flakes . Reproduce 
with permission from Nanoscale, 2020, 12, 2228. Copyright 2020 Royal Society of Chemistry. 
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of chemical post-functionalization process in comprising to the pristine graphene sheets. 

Eventually,  the GO has emerged as an important component in the interdisciplinary fields of 

research. In 2007, Dikin et al, measured the average young‘s modulus of graphene oxide 

sheet which was ~30 GPa on average.141 

Moreover, it was found that a single-layer GO has a larger young‘s modulus than the thick 

GO sheet. Gomez-Navarro et al, revealed that single-layer GO has an average young‘s 

 

Figure 1.12. A-F) Digital images and strain-stress curve represented the mechanical reinforcement of 
various polymeric material and metal composites including polyacrylamide, nylon polymer, Al matrix 
composites after incorporation of graphene oxide into the material matrix. Reprinted with permission from 
J. Mater. Chem., 2012, 22, 14160. Royal Society of Chemistry (A). Reprinted with permission from Adv. 
Mater., 2013, 25, 5658. Copyright 2013 Wiley-VCH (B). Reproduce with permission from J. Mater. Chem. 
A, 2015, 3, 17445. Copyright 2016, Royal Society of Chemistry (C). with permission from Nano 
Lett., 2015, 12, 8077. Copyright 2015, American Chemical Society (D).  Reproduce with permission from 
Macromolecules,  2010, 16, 6716. Copyright 2010, American Chemical Society (E). Reproduce with 
permission from ACS Nano, 2017, 11, 5717. Copyright 2017, American Chemical Society (F). 

TH-2641_156122052



Chapter 1 
 

21 | P a g e  
 

modulus value of ~250 GPa.142 Zheng et al, have indicated that young‘s modulus of the 

graphene oxide significantly deteriorate with increasing the degree of functionalization and 

molecular structure of functional groups are also profound factor in the mechanical 

performance of GO.143  It was also found the different functional sides and large aspect ratio 

of graphene oxide sheets significantly enhanced interfacial bonding between the graphene 

oxide sheets and the matrix which lead to improving the mechanical performance of the 

overall material. Furthermore, GO can be re-converted into the graphene-like structure by 

removing oxygen-containing groups by associating the reduction process. The reduced 

graphene oxide (RGO) has comparable mechanical, conductive and thermal properties to 

pristine graphene.144,145 Therefore, GO and RGO have been used extensively to improve the 

mechanical property of different functional materials. Even a very little doping of GO and 

RGO can able to dramatically improve the mechanical strength of different composite 

materials such as polymer, cement composites, metal and metal oxide nanocomposites 

(Figure 1.12).98,145-146   

In 2009, Chen and co-workers incorporated GO into the PVA (Polyvinyl alcohol) hydrogel 

which reinforce its mechanical durability where graphene oxide form strong H-bonding 

interactions through its carboxyl, hydroxyl and epoxide groups with the hydroxyl groups of 

Polyvinyl alcohol. A 62% increase in Young‘s modulus and 76% improvement in tensile 

strength were obtained after introducing a very low amount of graphene oxide (0.7 wt%) into 

a PVA matrix.147  Xu et al, also revalidated that adequate doping of graphene oxide (0.1 wt%) 

enhanced both the tensile strength and Young‘s modulus more than two folds of the  nylon-6 

fibres.148 In 2013, Tian et al, fabricated covalent crosslinked ultra-strong paper (178.9 MPa of 

tensile strength and 84.8 GPa of Young‘s modulus) of polydopamine coated graphene oxide 

and Polyethylenimine composite.149 Graphene oxide has the ability of mechanical 

reinforcement not only for polymer material but also to metal or metal oxides where 

functional sites of graphene oxide form chemical bonds with metal oxides or metal ions 

which lead to the homogeneous dispersion of graphene oxides in the metal matrix. Hwang et 

al, reported that the elastic modulus and the yield strength of the Cu matrix were increased by 

30% and 80% respectively after the incorporation of 2.5 vol% of RGO through the 

molecular-level doping process.150 Concrete is the most important material in the construction 

industry and in 2018, Sriwong et al, revealed that mechanical reinforcement of concrete 

composites was also be obtained after the incorporation of RGO. It was found that 

compressive strength (146%) and flexural strength (79.5%) of RGO-concrete composite were 
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increased significantly compared to the pure one which makes this concrete composite more 

relevant for practical application.151 GO was also extensively used to developed bio-inspired 

artificial nacre nanocomposite with extraordinary mechanical strength.152 For instance, Woo 

et al, reported nacre-mimetic chemically cross-linked  GO  and p-diaminophenyl composite 

where GO act as a brick and cross-linking agent p-diaminophenyl act as a mortar. Because of 

the excellent tensile strength (142.9 MPa), tensile modulus (4.7 GPa) and hardness (917.4 

MPa), this material was very useful in different practical applications.153  Graphene oxide was 

also used in artificial bone regeneration and tissue engineering because of its good 

biocompatibility and excellent mechanical strength. Xue et al, developed multilayered 

graphene oxide and chitosan-based biomaterials with excellent strength and toughness by 

adopting a ―brick and mortar‖ layered structure.154 Recently, graphene oxide is widely used 

to develop different kinds of advance stretchable and robust electronics. For example,  Cao 

and coworkers developed stretchable supercapacitor electrode material by using reduced 

graphene oxide (RGO) and titanium carbide MXene based composite. Generally, pure 

titanium carbide MXene electrode is brittle in nature and it can be broken and creaked during 

bending or application of tensile strength which decrease its electrochemical performance. 

But, MXene/RGO composite electrode can able to retain its electrical conductivity even after 

300% of uniaxially and 200% × 200% of biaxially tensile strains for several times.155  

Therefore, undoubtedly, graphene or graphene oxide sheets can be used to improve the 

mechanical durability of various kinds of material and it will pave the way for the 

development of different smart materials in near future. 

 

1.7. Strategic use of graphene oxide in various applications  

Graphene or graphene oxide is not only utilized for mechanical reinforcement of the material 

but it also has the ability to provide various kinds of different properties in material such as 

electronic, electrochemical, thermal and catalytic properties which give an opportunity to 

developed different advanced materials.130,156 From the last decads, metal-organic frameworks 

(MOF) are used for its excellent gas absorption capacity because of its high porosity and 

large surface area. It was found that GO can able to further enhance the gas absorption ability 

of MOF.157 For instance, Kumar et al, reported that CO2 uptake capacity of ZIF-8 MOF can 

be increased significantly after the strategic association of GO where the surface area and 

porosity of ZIF-8/GO composite are increased significantly on changing the GO 

concentration. GO also provide different active binding sites with the absorbed gas molecule 
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which also increase the gas storage capacity of the composite material.158 GO also acts as a 

good carrier of different bioactive molecules or drugs for potential biomedical applications 

because of its large surface area (the theoretical specific surface area of graphene is 2600 

g/m2), different functional groups and bio-compatibility.159,162 In addition, RGO can also 

adsorb small polymers, proteins and nanoparticle in its surface through strong van der Waal 

interaction which make it potential drug delivery system.160 Wang et al, developed 

doxorubicin-loaded gold nanoclusters anchored RGO nanocomposite which was used to 

inhibited HepG2 cells. Gold nanoclusters–RGO nanocomposite was also capable to carry 

proteins and DNA to the cancer cell.161 Graphene oxide can be easily functionalized where 

the different active catalytic groups on the graphene sheets allowed to development of a 

metal-free heterogeneous catalyst for selective chemical reactions.162 Graphene sheets also 

possess high electron mobility of 2.5 × 105 cm2V–1s–1, which provided the basis for 

developing active nanoelectrocatalysts.163 Li et al, prepared the Pt nano clusters-graphene 

nanocomposites for fuel cell application.164 Ajayan and coworkers developed platinum 

nanoparticles anchored reduced graphene oxide for electro-oxidation of methanol.165 For high 

conductivity, mechanical flexibility and chemical durability, graphene or reduce graphene 

oxide has a huge potential in energy storage application. Recently, Zhang et al, introduced 

highly redox-active sodium anthraquinone-2-sulfonate and graphene composite to be used as 

an anode in high-performance supercapacitors. It achieved a high volumetric specific 

capacitance of 650 Fcm-3 which was much better than pure sodium anthraquinone-2-sulfonate 

electrode.166 Huang et al, developed graphene oxide/polyvinyl alcohol composite gel-based 

solid-state electrolytic system for flexible double layer supercapacitor. Graphene oxide 

provides good mechanical properties, thermal stability and flexibility of the electrolyte 

nanocomposite.167 In 2018, Li et al, developed graphene aerogel with high electrical 

conductivity which was utilized for pressure and strain sensors. This graphene aerogel 

showed high elasticity, good fatigue-resistant performance and it was able to detect a very 

small amount of pressure (sensitivity of  0.18 kPa−1) and various human body movements 

such as wrist pulse pressure, wrist and finger bending.168 Besides, Rodrigues et al, fabricated 

piezoelectric material based on single-layer graphene, the piezoelectric effect was observed to 

be much higher (1.4 nmV−1)  than the conventional piezoelectric material.169 Among its all 

fascinating property, the high thermal conductivity of graphene-based material grabbed the 

attention of many research groups. The thermal conductivity of the graphene is between 1500 

and 5000 Wm−1K−1 at room temperature which can be further increased in presence of 
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strain.170-171 Recently, graphene-based materials have been used to fabricate a low-cost and 

energy-efficient water distillation application. Monolayer graphene can absorb only 2.3 % of 

incident visible light, but three-dimensional graphene material appeared as an efficient light 

absorbent.190 Li et al, developed 3D-printed porous material by using graphene oxide and 

graphene nanotube which was capable of broadband solar absorption (>97%) and achieved 

excellent efficiency for the conversion of solar energy into steam.172 Taking one step further, 

Lou et al, fabricate TiO2 and reduce graphene oxide composite material which can produce 

clean water from polluted water under sunlight irradiation. Reduce graphene oxide absorbed 

the solar energy and convert it to heat for water evaporation whereas TiO2 photo-catalytically 

degraded the organic contamination of the water medium.173 Furthermore, graphene-based 

materials have been used for crude oil-water separation. For instance, Liu et al, demonstrated 

the de-emulsification of the heavy crude oil-in-water emulsion by using graphene oxide 

sheets. Graphene oxide nanosheet has a large surface area and it can form both n-π and π-π 

interactions with asphaltenes and resins which are present in crude oil and this interaction 

help to phase separate crude oil from the crude oil-in-water emulsion.174 In 2017, Ge et al, 

fabricated an oleophilic reduce graphene oxide wrapped porous substate to separate highly 

viscous crude oil (103 to 105 mPa s at room temperature) from the water medium by adopting 

the Joule-heating process. After the application of electric voltage to the material, current 

flows which heat up the material. The hot RGO wrapped porous material reduces the 

viscosity of the circumambient crude oil and increase its oil absorption speed significantly.175 

Moreover, various other advanced materials based on graphene have been developed in the 

last decades such as actuators, biological sensors, microbial fuel cells, solar cells and 

different energy storage materials.176 

 

1.8. Graphene-based bio-inspired super wetting material 

1.8.1. Wettability of graphene 

In the conventional artificial superhydrophobic and underwater superoleophobic interfaces 

are mostly liable to the destruction in harsh physical insults and prolong chemical exposure. 

Graphene-based material can be used to address the durability issue because of its excellent 

mechanical property and chemical stability. Besides, the incorporation of graphene-based 

material into the anti-wetting interface can also be useful in diverse potential applications 

including catalysis, electronics and various relevant biological application.  
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In 2013, Taherian et al, calculated the water contact angle on the graphene sheets by using 

classical molecular dynamics simulations and revealed the hydrophobic property of 

monolayer graphene with a contact angle of 90−100° (Figure 1.13A-D).177 On the other hand, 

 

Figure 1.13. A) A water droplet on a copper substrate coated with a single layer of graphene giving rise to a 
contact angle of 86.2°. B) Depicting the Increasing number of graphene layers on the copper substrate. C) 
After gradually covering a series of graphene layers on a copper substrate, the contact angle values of water 
droplets on the graphene layer were measured in order.  D) Contact angle measurements for Si substrate and 
Au substrate with and without a single layer graphene, where the contact angle values for the Si substrate 
and Au substrate were in good agreement with that for the graphene-coated Si and Au substrate. E-H) 
Scanning electron microscopy (SEM) images of: (E) pure copper substrate (Cu), (F) electroplated copper 
substrate (h-Cu), (G) electroplated and thermal annealed copper substrate (h-rCu), (H) electroplated and 
thermal annealed copper substrate coated with a monolayer graphene coating (h-Gr/rCu) by an in situ 
growth method. The illustrations show the contact angle value of water on each substrate. (I) The contact 
angle of a substrate coated with a single layer of graphene as a function of contact angle of the bare 
substrate. These substrates include OP-SiO2, AR-SiO2, OTS-SiO2, silica NP. (J) When both h-rCu and h-
Gr/rCu were immersed in the brine solution, the contact angle of h-Gr/rCu remained almost unchanged, 
which indicated that graphene could serve as a corrosion-resistant coating for the protective substrate.  
Reprinted with permission from Nanoscale Horiz., 2019, 4, 339. Copyright 2019, Royal Society of 
Chemistry.  
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graphene oxide is hydrophilic in nature and its wettability is mainly dependent on the various 

levels of oxidization. However, the water contact angle of graphene depends on various 

factors such as morphology, defects, doping and external electric field etc (Figure 1.13E-J).178  

Nevertheless, the monolayer graphene sheet can not change the wetting behaviour of 

different substrates including gold, copper, silicon and rather showing wetting 

transparency.179 But this wetting transparency of the graphene sheet disappears with 

increasing the thickness of graphene layer coating. In 2010, Rafiee et al, reported that a thick 

microstructured coating of graphene sheets could be able to significantly change the wetting 

property of the selected substrates. The wetting behaviour of their graphene-based coating 

was able to tune from superhydrophilic to superhydrophobic through appropriate solvent 

treatment.180 Recently, Ding et al, developed superhydrophobic open-cell microsphere 

structured graphene film via pickering emulsion followed by vapour ejection. This 

superhydrophobic material was capable of ultrafast switching of its wettability to 

superhydrophilicity within a second through introducing an oxygen-containing group by 

plasma treatment. It was also capable of restoring its superhydrophobicity after the 

application of Joule heating to remove all the functional groups and this reversible transition 

cycle could be repeated at least ten times.181 Huang et al, explored the reversible switching of 

graphene film from superhydrophobicity to superhydrophilicity under alternative UV 

irradiation and dark environment. It was found that the adsorbed oxygen molecules in the 

defect of graphene sheets are excited from triplet ground spin state to energized singlet spin 

state under UV illumination which leads to adherence of hydroxyl groups and water 

molecules to the graphene sheets and during dark environment, graphene film returns to its 

previous superhydrophobic state.182 Surface functionalization is also an effective way to 

fabricate superwettable graphene-based material. Xue et al, fabricated superhydrophobic 

POSS (polyhedral oligomeric silsesquioxane) functionalized graphene oxide powder for 

liquid marble application.183 Similarly, Lin et al, also changed the hydrophilic graphene oxide 

into superhydrophobic interface through covalent functionalization of low surface energy 

molecule i.e., octadecylamine.184 Besides, the chemically exfoliated hydrophilic graphene 

oxide was widely used to fabricate fish-scale inspired underwater superoleophobic interface. 

For example, Liu et al, developed microstructured graphene oxide film coated metal mesh 

which was showing underwater superoleophobicity with vegetable oil contact angle above 

150°.185  
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1.8.2. Graphene-based super wetting material for different applications 

The incorporation of graphene (or graphene oxide) would not only help to pave the pathway 

for mechanical durable, chemical and thermally stable superhydrophobic or underwater 

superoleophobic material but also open up the possibilities of designing new smart materials 

for other novel applications.176  

In the last two decades, graphene and its derivatives have been utilized in smart conducting 

materials for different applications such as energy harvesting, energy storage and motion 

sensor etc. Despite notable progress, the practical application of these materials was limited 

for their lack of stability in wet environments such as underwater, human sweat, rain and 

soapy water. The introduction of superhydrophobic properties into these materials would help 

in eliminating the influence of water. For example, Das et al, fabricated water repellent inkjet 

printed flexible graphene-based electronic which showed superhydrophobic property with 

water contact angle ~157.2° and sheet resistance of 1.1 kΩ □−1.193 Direct-pulsed laser writing 

technique was strategically used to change the surface wettability of graphene film from 

hydrophilic (water contact angle of 47.7°) to superhydrophobic through removing the 

oxygen-containing groups and generating micro-nano scale roughness on the graphene 

surface. Further, this strategy inspired to development of self-cleanable, wearable and 

washable conductive materials for various applications.193 Ding et al, fabricated 

superhydrophobic PDMS/open-cell graphene composite material to design an underwater 

motion sensor (Figure 1.14B). Superhydrophobicity prevented water penetration into the 

material. Moreover, the Graphene layer along with the trapped air could be easily compressed 

by a very little amount of water pressure which decrease its resistance. Thus, various kinds of 

motion such as depth of the water, horizontal movement and movement speed underwater 

could be monitored very precisely.194 Next, Zu et al, developed a superhydrophobic 

multifunctional sensor that could sense strain, temperature, pressure with high sensitivity 

(Figure 1.14C). They prepared highly durable and compressible triple-network 

nanostructured reduce graphene aerogel by covalent crosslinking with three different 

organosilanes. This material was able to sense a wide range of temperatures from 20°C to 

100°C. The electrical conductance (G) was increasing with increasing the temperature (T) 

which can be explained by the following equation:  

                                     G = Gh·exp(−H/T1/3) + Gt 
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Where H, Gt and Gh represent the hopping parameter, the contribution of the quantum 

tunnelling and temperature-independent prefactor respectively. 

This material was also capable of 80% compression and it came back to its original shape 

after removal of pressure without any physical fracture and it remained superhydrophobic. 

Electrical resistance was decreased remarkably with increasing compressive strain and it 

could measure a wide range of pressure precisely (0-110 kPa). Superhydrophobicity provided 

good durability in a high humid environment (20-90%).195 Yang et al, fabricated 

superhydrophobic wearable reduce graphene oxide graphene-based supercapacitor. It showed 

 

Figure 1.14. A) Application of  rose petal-inspired adhesive superhydrophobic interface made from 
graphene oxide papillae arrays  for aquous droplet manipulation (scale bar 1 mm). B) The change in ΔR/R of 
graphene based superhydrophobic interface during the diving and floating processes. C) Graphene based 
tempareture sensor where resistance of the material was changed with increasing the tempareture. D-F) 
Graphene based underwater superoleophobic membrane for water-in-oil emulsion separation and dye 
separation.  Reprinted with permission from Adv. Funct. Mater. 2019, 29, 1900266.  Copyright 2019, Wiley-
VCH (A). Reprinted with permission from J. Mater. Chem. A, 2019,7, 17766. Copyright 2019, Royal 
Society of Chemistry (B). Reprinted with permission from Chem. Mater. 2019, 31, 16, 6276. Copyright 
2019, American Chemical Society (C). Reprinted with permission from ACS Sustainable Chem. Eng. 2019, 
7, 15, 13379. Copyright 2016, American Chemical Society (D-F). 
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high capacitive performance even after 1000 cycle charge-discharge cycle underwater and 

standard waterproof spraying test.196 Recently, Thekkekara et al, also reported a stretchable 

superhydrophobic laser printed graphene-based supercapacitor. The areal capacitance of the 

supercapacitor remains unaltered after immersed in hot water at 90°C. Even more, it was 

retained its 80 % capacitance after 50 cycles of washing test.197 Thus, these reports motivated 

to development of next-generation water-proof electronic devices. In 2014, Jiang reported a 

graphene-based superhydrophobic interface with highly ordered nano-scale roughness which 

can produce structural color similar to that of butterfly wings and it will be useful in various 

optoelectronic applications.198 Tan et al, reported rose petal inspired adhesive 

superhydrophobic interface by using modified and wrinkled graphene oxide structures to 

create a hierarchical morphology and this interface was used for lossless water droplet 

manipulation (Figure 1.14.A).199 Furthermore, graphene or graphene oxide has been used to 

produce reed leaf-like grooved structures or spider silk-like spindle knots, with the liquid-

repellent property which could be useful in water harvesting and cloud seeding 

application.200-203 Moreover, the hydrophilic nature of graphene oxide was further exploited 

to fabricate fish-scale inspired underwater superoleophobic interface. Ou et al, fabricated 

underwater superoleophobic membrane by using chitin nanocrystals modified by 

dopamine/graphene oxide composite. This membrane was efficient for oil-water separation 

and dye absorption (both cationic and anionic) from the water phase (Figure 1.14D-F).204 

Therefore, owing to various intrinsic properties of graphene or graphene oxide, graphene-

based anti-wetting materials were able to induce interesting applications in the different 

research fields. But, in the previous reported graphene-based anti wetting material, graphene 

sheets were physically incorporated into most of the material and the physical and chemical 

durability remained as a major challenge before in outdoor application.191,192 

 

1.9. Objectives and motivation 

The optimization of both essential hierarchical topography and surface chemistry remained a 

fundamental basis for designing both the lotus leaf-inspired and the fish scale-mimicked 

interface. In the last two decades, graphene and graphene oxide have been explored widely to 

enhance the physical durability and chemical stability of various kinds of material. In 

addition, graphene-based materials are well known for various diverse properties such as 

catalytic, electrical and thermal properties. Thus, graphene oxide-based durable super wetting 
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interfaces will be able to open new scopes of developing advanced material for different 

potential applications.  

In the past, various approaches have been associated to incorporate GO, where the lack of 

covalent integration of GO remained a major concern for the survival of embedded super-

wettability in harsh settings.  In this thesis work, a common and facile synthetic approach was 

adopted, where amine-functionalized graphene oxide (AGO) and chemically reactive 

polymeric nano-complexes (CRPNC) have been strategically integrated following the 1,4-

conjugate addition reaction at ambient conditions. The appropriate covalent integration of 

CRPNC and AGO would be allowed to achieve a single platform for tailoring different and 

durable bio-inspired wettability. The embedded superwettability would be capable of self-

healing of physical damage. Such extremely durable anti-wetting interfaces are very useful in 

energy-efficient oil-water separation in practical harsh conditions. Moreover, the graphene-

based anti-wetting interface can be extended to develop various other advanced materials. 
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Title: Synthesis of Durable, Flexible and Self-Healable Superhydrophobic 

Interfaces *  

Here, a facile, catalyst-free, and robust 1,4-conjugate addition reaction has been strategically 

exploited for appropriate covalent integration of modified graphene oxide to develop 

polymeric materials with (1) tunable mechanical properties and (2) durable antifouling 

properties, which are capable of performing both in air and under oil. Furthermore, this 

approach provided a facile basis for (3) engineering a superhydrophobic monolith into 

arbitrary free-standing shapes and (4) decorating various flexible (metal, synthetic plastic, 

etc.) and rigid (glass, wood, etc.) substrates with thick and self-healable three-dimensional 

superhydrophobic coatings. The synthesized polymeric coating exhibited a remarkable ability 

to protect the antifouling property from various harsh physical insults, including sand paper 

abrasion, adhesive tape test, sand drop test etc. However, after the application of pressure on 

the same polymeric coating, the bioinspired, nonadhesive (contact angle hysteresis <5°) 

superhydrophobicity was compromised, and the physically damaged polymeric coating 

became highly adhesive (contact angle hysteresis ∼50°) superhydrophobic. But, after 

releasing the pressure, the native nonadhesive (contact angle hysteresis <5°) extreme 

wettability was self-restored in the polymeric coating through the recovery of the essential 

hierarchical topography—without requiring any external stimulus. This unique material, 

having impeccable durability and absolute self-healing capability, was further explored in 

spatially selective impregnation of water-soluble agents on the surface of polymeric 

coating—without any permanent change in the extreme water repellency property. This 

spatially selective association of hydrophilic molecules was performed directly from an 

aqueous medium, which is extremely hard to achieve using conventional superhydrophobic 

materials.  

 

 

 

 

 

* A. Das, J. Deka, A. M. Rather, B. K. Bhunia, P. Pratim Saikia, B. B. Mandal, K. Raidongia and U. Manna. 

ACS Appl. Mater. Interfaces, 2017, 9, 42354. 
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2.1. Introduction 

Special and extreme wettability of a liquid on a solid surface, which is primarily discovered 

in living objects (e.g., lotus leaf, rose petal, fish scale, etc.) in nature, is composed of essential 

chemistry and topography, and such bioinspired artificial interfaces are being recognized as a 

general avenue for developing functional materials in the context of various environments, 

energy and healthcare-related applications.1-6 In this regard, extremely water-repellent 

superhydrophobic materials (having advancing contact angles, θAdv, ≥150°, and contact angle 

hysteresis, θHys, ≤10°)1,2 are particularly well-characterized and are highly suitable for a wide 

variety of applications, including protein crystallization, guided water transfer, harvesting of 

liquid water from the mist, controlled small molecule release, synthesis of anti-biofouling 

coating, etc.7−13 However, the conventional thin superhydrophobic interfaces are generally 

fabricated by adopting a thin layer of inert low surface energy coating on an appropriately 

customized hierarchical topography (either hydrophilic and/or hydrophobic).14-15 In general, 

the appropriate coexistence of low surface energy and hierarchical features provided the 

essential metastable trapped air for the extreme heterogeneous wettability of a liquid on a 

solid surface. However, slight perturbations in any of these physical and/or chemical 

parameters during the practically relevant physical manipulations (including bending, 

creasing, compressing, scratching, etc.,) and severe chemical exposures are known to damage 

such interfacial special wettability.16,17  

In the recent past, few elegant designs were introduced to achieve durable superhydrophobic 

coatings,5,18−25 and some of them are proficient in restoring the property by re-optimization of 

the essential chemistry (i.e., chemically inert coating) on top of the hierarchical features 

through either (1) post-repairing process (redeposition of low surface energy coating) or (2) 

self-healing process (rehabilitation of inert coating by application of appropriate stimuli).21−25 

The coexistence of both the essential surface chemistry and the appropriate hierarchical 

topography primarily conferred the bioinspired superhydrophobicity. However, the 

hierarchical topography that is most often developed using brittle inorganic oxides or soft 

polymers/polymeric components is susceptible to any damage after the application of 

external pressure, and the physical damage becomes permanent. The antiwetting property is 

likely to get compromised in such practically relevant scenarios. Thus, the synthesis of 

material having the ability to self-heal the damaged topography is extremely challenging and 

highly desirable for widespread applications of this bioinspired property in diverse and severe 

practical circumstances. In the very recent past, shape memory polymers were successfully 
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exploited in restoring the native antifouling property in the physically damaged interfaces, 

but through the application of appropriate external stimuli.26−29 This approach of self-healing 

through external intervention is likely to impose a potential complexity in the restoration 

process as the maintenance of an appropriate stimulus is expected to be a difficult task in 

diverse practical settings. To address these limitations, recently three-dimensional 

superhydrophobicity has been introduced where the anti-wetting property is not just restricted 

to the top surface of the material but also exists throughout the material. Thus, the anti-

wetting property of the material remained intact even after the removal of the top interface 

during harsh physical abrasions. In the recent past, the 1,4-conjugate addition reaction 

between aliphatic acrylates of dipentaerythritol pentaacrylate and primary amines containing 

branched poly(ethylenimine) was used in the synthesis of a ―chemically reactive‖ polymeric 

nanocomplex (CRPNC), which was further exploited to developed various three-dimensional 

bio-inspired interfaces (superhydrophobic and underwater superoleophobic). Here, we have 

extended this facile and catalyst-free chemical approach to synthesizing both (1) highly 

flexible and shapeable free-standing three-dimensional superhydrophobic monoliths and (2) 

durable and self-healable superhydrophobic coatings. The reduced amino graphene oxide 

(AGO) was strategically and covalently associated with CRPNC. The synthesized polymeric 

coating, having the remarkable ability to restore the native antifouling property through the 

recovery of physical deformation—without requiring any external intervention. Further, the 

synthesized material was also capable of printing water-soluble molecules directly from the 

aqueous medium during the recovery of the native hierarchical topography in the damaged 

interface. However, after the printing of hydrophilic molecules on the polymeric coating, any 

permanent change in the embedded antifouling property was not observed. The impregnation 

of water-soluble agents onto the superhydrophobic surface without compromising the native 

antifouling property is extremely difficult to achieve.18,30 Here, the synthesized material 

provided a facile avenue to develop a self-healable and self-cleaning superhydrophobic 

print—which was made out of water-soluble agents. This facile and scalable synthetic 

approach is not only capable of providing bioinspired superhydrophobicity with impeccable 

durability—but it is also appropriate for developing unique and interesting interfaces that are 

extremely difficult to synthesize following the conventional fabrication process. 

 

2.2. Experimental Section 
2.2.1. Materials 
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Branched poly(ethyleneimine) (BPEI, MW ∼ 25000 Da), dipentaerythritol penta-

/hexaacrylate (5 Acl, MW ∼ 524.21 g/mol) were purchased from Sigma-Aldrich, Bangalore, 

India. Rhodamine 6G was purchased from Labo Chemie, Mumbai, India. Conc. hydrochloric 

acid and potassium permanganate were obtained from Fischer Scientific, Mumbai, India. 

Graphite powder was purchased from Asbury Carbon. Sodium hydroxide, methanol, conc. 

sulfuric acid, hydrogen peroxide, nitric acid, hydrazine hydrate, and ammonium hydroxide 

were purchased from Merck Specialties Private Limited, India. Tetrahydrofuran (THF) was 

obtained from RANKEM, Maharashtra, India. Sandpaper (grit no. 400) was purchased from 

Million International, India. Glass slides (Boroleb, India), aluminium foil (Parekh Aluminex 

Ltd. India) and adhesive tape (Jonson tape Ltd. India) were acquired from different sources. 

Sand particles were collected from a construction site at IIT-Guwahati, Assam. This sand was 

used in experimental demonstrations after thorough washing with water. 

2.2.2. General considerations 

Dynamic light scattering (DLS) measurements were taken with a Zetasizer Nano ZS90 

(model no ZEN3690) instrument. Fourier-transform infrared spectroscopy (FTIR) data were 

collected using a PerkinElmer instrument, where samples were first embedded in a KBr pellet 

following the standard protocol. Liquid water contact angles on the materials were estimated 

using a KRUSS Drop Shape Analyzer- DSA25 instrument at ambient temperature and 

deionized (DI) water droplets were used for dynamic contact angle measurements. Field-

emission scanning electron microscope (FESEM) images were obtained using a Carl Zeiss 

field emission scanning electron microscope. All non-conductive polymeric samples were 

gold-sputtered under vacuum to achieve a thin layer of conductive gold coating on the 

polymeric samples. Raman spectra were acquired using a Laser Micro Raman System 

(Horiba Jobin Vyon, Model LabRam HR). All digital pictures were taken with a canon power 

shot SX420 IS digital camera. 

2.2.3. Synthesis of graphene oxide (GO) 

GO sheets were prepared by following the modified Hummers‘ method. First, graphite (1 g) 

powder was added to 50 mL of concentrated sulphuric acid and the whole system was chilled 

at 0°C using an ice bath. Then, KMnO4 (6 g) was slowly added to the solution keeping the 

temperature of the reaction mixture below 10°C. The reaction mixture was then transferred to 

a water bath, where the temperature was maintained at 35°C for 2 h, and then the reaction 

mixture was diluted with 100 mL of DI water. The sudden rise in the temperature during the 

dilution process was controlled by submerging the reaction vessel in an ice bath. Then, 8 mL 
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of 30% hydrogen peroxide solution was added to the dilute solution to reduce unreacted 

KMnO4. The prepared GO sample was thoroughly washed by adopting a two-step washing 

method, where HCl and acetone solvent were consecutively used. 

2.2.4. Synthesis and characterization of amino-graphene oxide (AGO) 

AGO sheets were synthesized from the freshly prepared GO sheets by adopting two 

conjugative reactions: (1) nitration followed by (2) reduction. For the nitration reaction on 

GO sheets, the dried GO powder (50 mg) was mixed with 100 mL of 50% nitric acid and the 

reaction mixture was kept for 12 h at room temperature with continuous agitation. Nitro 

graphene oxide obtained as such was then washed with acetone and dried under vacuum 

before redispersing in a 50:50 ethanol−water mixture (0.1 mg/mL) for the reduction reaction. 

The reduction was carried out by heating the dispersion at 70°C after the addition of 150 μL 

of ammonium hydroxide and 50 μL of hydrazine hydrate under continuous magnetic stirring. 

These AGO sheets synthesized in ethanol were directly used in the fabrication of 

superhydrophobic polymeric materials (details are accounted in the following section). 

2.2.5. Preparation of superhydrophobic polymeric gel material 

First, solutions of 5 Acl (1.325 g) and BPEI (0.5 g) in methanol were prepared in separate 

glass vials by dissolving each of them in 10 mL of methanol. The solutions (1 mL) of 5 Acl 

and BPEI (0.125 mL) in methanol were mixed together in glass vials. Then, the mixtures 

were doped with different amounts of amino-graphene oxide (4.25 μg/mL, 8.16 μg/mL, 15.09 

μg/mL and 30.77 μg/mL; denoted SHM1, SHM2, SHM3, and SHM4, respectively) in separate 

glass vials and kept under agitation for 1 h. Depending on the amount of AGO sheets added 

in the mixture, colorless solutions appeared as turbid liquids after a certain time, and 

eventually, after 1 h, the reaction solution transformed into a gel material. Then, this 

semisolid gel was taken out and manipulated into different shapes, such as dolphin, leaf, and 

array of wells with the help of appropriate negative replica (doh cutter with an appropriate 

shape was used for giving the shape of dolphin and array of wells to the gel material, and the 

PDMS mold having a negative replica of guava leaf was used for preparing the polymeric 

material with a similar shape and structure as that of a guava leaf). 

2.2.6. Post-chemical modifications 

To adopt the desired superhydrophobicity, the gel materials were washed with THF for 30 

min, followed by treatment with n-decylamine (37.47 mg/mL) in THF for 6 h. After this 

treatment, the polymeric material was washed again with THF thoroughly and dried in the 
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open air. After drying, these materials (SHM1, SHM2, SHM3, and SHM4) were characterized 

by FTIR, FESEM, Raman spectroscopy and contact angle measurements.  

2.2.7. Coating on the substrate 

The colorless solution of 5Acl (132.5 mg/mL in methanol, 1mL) was first mixed with BPEI 

(50 mg/mL in methanol, 125 μL) in presence of dispersion of amino graphene oxide (AGO), 

and depending on the amount of AGO in the BPEI/5Acl mixture, the polymeric coatings are 

denoted as SHC1 (2.17 μg/mL), SHC2 (4.25 μg/mL), SHC3 (8.16 μg/mL), SHC4 (15.09 

μg/mL) and SHC5 (30.77μg/mL), respectively. The colorless mixture of BPEI/5Acl 

transformed to a turbid and milky solution in the presence desired amount of AGO and this 

solution was spread uniformly over desired substrates (Al foil, plastic, glass, wood) with the 

help of a microscopic glass slide. After 30 minutes, a dry and stable coating was obtained on 

the glass substrate. Then, the coated glass slide was treated with decylamine solution (37.47 

mg/ml) in THF for overnight. After that, the coated slide was thoroughly washed with fresh 

THF solvent for multiple (five) times. Then, the air-dried coating was further used in various 

demonstrations.  

2.2.8. Self-healing of the polymeric coating 

A pressure of 188 kPa was applied on the surface polymeric coating over an area of 0.5 cm2 

for 10 sec, and the polymeric coating (SHC5, thickness = 1 mm) was crushed with a depth of 

600 μm. The beaded water droplet on the crushed surface was found to be highly adhesive 

with contact angle hysteresis above 50°. Both the physical integrity and embedded 

antifouling property (non-adhesive superhydrophobicity) were self-healed within 30 minutes, 

without any external intervention. Further, the same process was repeated to examine the 

self-healing ability of other polymer coatings (SHC3 and SHC4) that were with a lesser 

amount of AGO. 

2.2.9. Selective collection of the aqueous phase 

Similarly, the polymeric coating was further crushed by the application of pressure (188 kPa) 

with three circular objects. Then, the polymer coating with three physically damaged spots 

was immersed in the aqueous solution of rhodamine 6G dye for a few seconds followed by 

drying it in air. Red-colored aqueous solution was selectively immobilized on those three 

locations. After air-drying, both the physical deformation and antifouling properties were 

self-healed in the polymeric coating. The blue-colored water droplets were placed on the self-

healed surface to examining the anti-fouling property after the self-healing process. 

2.2.10. Paper-based contact printing of water-soluble agents 
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A dolphin-shaped filter paper was soaked with an aqueous solution of rhodamine 6G, and 

then it was brought in contact with a flattened and crushed surface for a few seconds. 

Selective immobilization of the aqueous phase was noticed on the polymeric coating after 

removal of the dolphin-shaped paper. The polymeric coating recovered its physical damage 

and the blue-colored aqueous droplets were again used to examine the antifouling property on 

some specific locations (on the coating)—where the water-soluble rhodamine dye molecules 

were printed. For the proof of concept demonstration of printing multiple water-soluble 

agents, a triangle-shaped filter paper was first soaked with an aqueous solution of methylene 

blue (blue-colored) dye, and immediately that paper was placed on the crushed polymeric 

coating (SHC5) and then it was allowed to air-dry. Next, the same polymeric coating was 

crushed again at the same location through the application of pressure, and another triangle-

shaped filter paper—that soaked with an aqueous solution of rhodamine was placed on it, to 

immobilize the aqueous solution that was with another water-soluble molecule (rhodamine), 

finally, the material was allowed to dry. Thus, the complex superhydrophobic print—

composed of two water-soluble agents was developed. 

2.2.11. In-situ printing of hydrophilic molecules 

Here, the aqueous solution of rhodamine was attached selectively on the polymeric coating 

during the spatially selective incurring of physical damage on the polymeric coating. A crude 

and lab-made wooden stamp with the shape of ‗IIT‘ was first inked with an aqueous solution 

of rhodamine. Then this inked-stamp was brought in contact with the polymeric coating, and 

manual pressure was applied on the coating for 10 sec and at the end, the aqueous ink was 

transferred to the polymeric coating. Then the ‗IIT‘ printed nonadhesive superhydrophobic 

surface was used in the demonstration of self-cleaning, where deposited dust and dirt on the 

tilted surface was self-cleaned during rolling of beaded water droplets on the surface. 

 

2.3. Results and Discussions 
2.3.1. Synthesis and characterization of AGO-doped superhydrophobic polymeric gel 

material 

Here, in the current design, two-dimensional flexible graphene oxide (GO) sheets, which are 

well-recognized for their exceptional mechanical properties, were strategically functionalized 

and incorporated in the porous and reactive polymeric material through the facile and 

scalable 1,4-conjugate addition reaction, as shown in Figure 2.1. This direct covalent 

incorporation of such flexible GO sheets was anticipated to have the ability to modulate the 
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mechanical properties of the synthesized polymeric materials. 

Thus, the GO sheets were first decorated with primary amine groups (nitrogen 7%). The 

amino graphene oxide (AGO) was characterized with energy-dispersive X-ray spectroscopy 

(EDX), Raman spectra, Fourier transform infrared (FTIR), and Field emission scanning 

electron microscopy (FESEM); (Figure 2.2). The FESEM image in Figure 2.2A reveals the 

existence of the two-dimensional sheetlike morphology of amino graphene with lateral 

dimensions extending from 2 to 8 μm2. The EDX analysis carried out at different AGO sheets 

yielded an approximate composition of the sheets to be 63:30:7 of carbon, oxygen, and 

nitrogen atoms, respectively. Figure 2.2B, further compared the Raman spectrum of GO with 

that of AGO. Both the spectra show prominent D and G bands at 1330 cm−1 and 1595 cm−1, 

respectively. The ratio ID/IG was found to be decreased for AGO with respect to GO, 

suggesting the removal of some of the defects during the process of amine functionalization. 

The FTIR spectra of GO and amino graphene samples were compared, where both the spectra 

confirmed the presence of O−H groups and (sp2) C=C groups, the characteristic peaks are 

observed at around 3350 cm−1 and 1625 cm−1, respectively. However, the appearance of new 

peaks at 1380 cm−1 and 1237 cm−1 in the AGO sample, corresponding to the N−H in-plane 

bending vibration and the C−N stretching, revealed the presence of amine groups in the 

sheets. The hump at 3230 cm−1 can also be assigned to the −NH2 stretching vibration of 

amino-graphene oxide sheets (Figure 2.2C). The synthesized AGO was found to be 

chemically reactive with 5 Acl molecules, as shown in Figure 2.2D-F. The reaction mixture 

Figure 2.1. A) Schematic representation of the 1,4-conjugate addition reaction between aliphatic acrylate 
and primary amine groups. B-D) Chemical structures of branched poly(ethyleneimine) (BPEI, B), 
dipentaerythritol pentaacrylate (5 Acl, C) and schematic representation of amino-graphene oxide (AGO, 
D). E) Synthesis of reactive polymeric gel from the AGO-doped reaction mixture of 5 Acl and BPEI in 
methanol. 
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of AGO and 5 Acl was aggregated and precipitated—likely due to mutual chemical reaction 

between 5 Acl and AGO through a 1,4-conjugate addition reaction. The reaction between 

AGO and 5 Acl was monitored with FTIR analysis. A significant depletion of IR peak 

intensity at 1409 cm-1 was noticed with respect to IR signature for carbonyl group at 1735 cm-

1 as shown in Figure 2.2F.  

 Next, 1 mL of 5 Acl (132.5 mg/mL) and 0.125 mL of BPEI (50 mg/mL) were mixed in 

methanol at 20°C. This composition was unable to provide the gel material (Figure 2.3A-D, 

labelled as SHM0); however, the addition of AGO (4.25 μg/ mL) resulted in the polymeric 

gel material within 1 h (Figure 2.3A-D, labelled as SHM1). This result indicated that the 

added AGO expedited and controlled the gelation process, likely through the 1,4-conjugate 

addition reaction between the grafted primary amine groups (from AGO and BPEI) and 

acrylate groups (from 5 Acl). Additional control experiments were designed to understand the 

role of grafted amines on AGO sheets on this polymeric gelation process. In cases where 

pristine GO (300.77 μg/mL) sheets (lacking primary amine groups) were added, a mild 

yellowish transparent solution (labelled as GO; Figure 2.3A-D) was observed. However, any 

Figure 2.2. A) FESEM image of amino-graphene oxide (AGO), B) Raman spectra of AGO (red) and GO 
(black). C) FTIR spectra of AGO (red) and graphene oxide (GO) (black), D-E) Digital images are 
illustrating the visual change in the mixture of AGO/5Acl (right most vial at each panel) and the solution of 
AGO (left most vial at each panel) with time. The mixture of AGO/5Acl was aggregated after 120 min and 
it was eventually sediment (E), however the dispersion of AGO remained stable over this period. F) FTIR 
spectra of both the 5Acl molecules (black) and the aggregates (red) that are formed after mixing of AGO 
and 5Acl. Both IR spectra were normalized with reference to carbonyl peak intensity. The peaks at 1735 
cm-1 and 1409 cm-1 are corresponded to the signatures of carbonyl stretching and C-H stretching of β 
carbon of vinyl group respectively. 
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further physical changes in the solution were not noticed even after a day. This experiment 

unambiguously revealed the active participation of grafted amines from AGO in the synthesis 

of the polymeric gel material. On the addition of AGO (the final concentration of AGO in the 

solution is 4.25 μg/mL) in the mixture of BPEI/5 Acl in methanol, the colorless mixture 

slowly transformed into a faint turbid solution (after 20 min) and then converted to a milky 

solution  (after 30 min). 

 

 Eventually, after 1 h, a gel material (labelled as SHM1; Figures 2.3A-D) was formed. 

However, this appearance of turbidity in the BPEI/5 Acl mixture occurred more rapidly upon 

increasing the amount of AGO in the reaction mixture. For example, a highly turbid solution 

was noticed within 10 min after increasing the AGO concentration to 30.77 μg/mL in the 

reaction mixture of BPEI/5 Acl (SHM4), under identical conditions. Whereas other mixtures 

(labelled as SHM1, SHM2, SHM3) having lesser amounts of AGO doping (4.25, 8.16, and 

 

Figure 2.3. A-D) Digital images illustrating the effect of GO and AGO (GO, SHM0, SHM1, SHM2, SHM3 
and SHM4) addition in mixture of BPEI/5Acl in methanol. All solutions were transparent (A) at beginning, 
the AGO added solutions (SHM1, SHM2, SHM3 and SHM4)  turned cloudy with time (B,C). After 60 min, all 
the AGO doped solutions (last four vial from left in image D; SHM1, SHM2, SHM3 and SHM4) formed gel 
materials—but mixture of BPEI/5Acl in presence of GO and in absence of AGO remained transparent (two 
vials from left in image D). E) DLS study illustrating the growth of the nano-complex in AGO-doped 
mixtures of BPEI/5 Acl. No such growth of nano-complex was noticed in the BPEI/5 Acl mixture in the 
absence of AGO doping. F) FTIR spectra of AGO doped (SHM1, SHM2, SHM3 and SHM4) gel materials. 
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15.09 μg/mL, respectively) appeared as clear solutions (Figure 2.3A), but eventually became 

turbid over time (Figure 2.3C-D). Furthermore, dynamic light scattering (DLS) study 

confirmed the existence of polymeric-nano-complexes in the AGO-doped mixtures of BPEI/5 

Acl; these nano-complexes grew over time and aggregated to form bigger particles. Both the 

formation and growth of nano-complexes were delayed when smaller amounts of AGO were 

used as shown in Figure 2.3E. No growth of nano-complexes was observed in the mixture of 

BPEI/5 Acl in the absence of AGO doping. Thus, this study revealed that AGO doping not 

only initiates the gelation process but also controls the rate of gelation processes. The 

existence of residual reactive functional moieties in the polymeric materials was 

characterized by FTIR spectral analysis. Interestingly, two characteristic IR peaks (Figure 

2.3F) at 1735 cm−1 and 1409 cm−1 corresponding to the carbonyl stretch and symmetric 

deformation of the C−H bond for the β carbon of the vinyl groups were observed 

respectively. These IR signatures revealed the existence of residual acrylate groups in the 

polymeric materials irrespective of the AGO-doping amount. Furthermore, the post-chemical 

modification of the material by exploiting these residual acrylate functional groups with 

strategically selected amine-containing hydrophobic small molecules provided a basis to 

adopt extreme water fouling properties in the material. The highest AGO-doped polymeric 

material (SHM4) displayed extreme liquid water repellency both in air (Figure 2.4A, B) and 

under oil (Figure 2.4C, D) with advancing contact angle above 160°, once it was post-

functionalized with the primary amine-containing hydrophobic small molecule (decylamine). 

The FTIR spectral analysis confirmed the successful post-chemical modification of the 

material, the characteristic peak at 1409 cm−1, which denotes that the residual acrylate groups 

were almost exhausted in the polymeric material on treatment with decylamine (Figure 2.4E). 

Furthermore, a 5 μL aqueous droplet dropped on this synthesized superhydrophobic material 

from 7 mm height was observed to bounce twice before its settlement on the surface (Figure 

2.4F-K) and the droplet could readily roll off from the surface on tilting the 

superhydrophobic material at 3° and streams of water bounced away from the surface after 

hitting the surface of the material (Figure 2.4M). This is consistent with the Cassie−Baxter 

(CB) state in the superhydrophobic material, and the existence of the metastable trapped air 

layer in the material is evident from the presence of shiny reflection of light at the 

water/material interface (Figure 2.4O). As expected, this facile chemical approach also 

provided an exceptional control on the modulation of mechanical properties in the polymeric 

material. The polymeric material (SHM1) with a low content of AGO was found to be tough, 
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and the compressive stress and strain at yield were measured to be ∼347 kPa and 41%, 

respectively; however, the material (SHM4) with more AGO sheets was found to be highly 

elastic (Figure 2.5A).  

Furthermore, the compressive modulus gradually decreased from 1237.56 ± 129.40 kPa 

(SHM1) to 15.57 ± 2.93 kPa (SHM4) with increasing the content of modified graphene oxide 

in the polymeric sample (Figure 2.5A). Thus, the polymeric materials became more elastic on 

increasing the covalent integration of AGO sheets through the 1,4-conjugate addition 

reaction. Furthermore, the synthesized polymeric material was repetitively deformed 1000 

times with a compressive strain of 80%. The material remained nonadhesive 

superhydrophobic with an advancing water contact angle above 156° and contact angle 

hysteresis below 10° even after successive deformations of the same polymeric material 750 

times. However, the material became highly adhesive superhydrophobic with contact angle 

hysteresis of 28° after extending this consecutive deformation 1000 times, as shown in Figure 

2.5B. Furthermore, the antiwetting property of other polymeric materials (lower AGO-doped) 

was examined in detail. All other synthesized polymeric materials (SHM1, SHM2, SHM3) 

were efficient in displaying extreme liquid water repellency (having θAdv>150° and θHys<4°) 

 

Figure 2.4. A−D) Digital (A, C) and advancing water contact angle (CA) images (B, D) of beaded water 
droplets on the decylamine-treated polymeric material in air (A, B) and under hexane (model oil, C, D). E) 
FTIR spectra of the material before (black) and after (red) post-modification with decylamine. F-K) 
Demonstration of the rolling off of 5 μL water droplet on the 3˚ tilted superhydrophobic surface which 
was dropped from 0.7 cm height. L-M) Digital images of untreated (L) and decylamine treated (M) dried 
polymeric materials (SHM4)—which are placed under stream of water, N-O) Digital images of untreated 
(N) and decylamine treated (O) dried material under water, untreated material was completely wetted, but 
decylamine treated material is appeared shiny because of trapped air. 
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after post-chemical functionalization with decylamine, irrespective of the mechanical 

properties of the materials (Figure 2.6G).  

The AGO-doping level in the synthesized polymeric materials has the same impact on 

controlling the topography of the polymeric material, as confirmed by studying the 

morphology of these synthesized polymeric materials under a field emission scanning 

electron microscope. The morphology of the polymeric materials was apparently similar in 

low magnification irrespective of the AGO-doping level in the materials, as shown in Figure 

2.6A, C, E; the monoliths remained highly porous with randomly arranged granular domains. 

However, the topography in each material was appropriate enough to display the desired 

antiwetting property. However, in the high magnification, the granular domains in the 

material were observed to be more diffused and larger in nature upon increasing the AGO-

doping amount in the materials (Figure 2.6B, D, F). Doped AGO sheets in the material might 

be folded around these polymeric granular structures during the gelation process, and any 

phase-separated domain, populated with AGO sheets, was not observed in the material. 

Moreover, the increase in the diffused interconnected structure in SHM4 is most likely 

because of more complexation of AGO sheets with polymeric granules in the material and 

these diffused interconnections among the granular structures through flexible AGO sheets 

are hypothesized to be the key component in achieving the desired physical flexibility in the 

materials. Therefore, this AGO doped material could provide a basis for developing a highly 

flexible self-standing superhydrophobic material, which can be molded into arbitrary shapes 

and sizes (Figure 2.6H-J), including the structure of vessels that are present in guava leaf 

 

Figure 2.5. A) Compressive stress−strain curve of AGO-embedded polymeric materials (SHM1, SHM2, 
SHM3 and SHM4). B) The plot accounting the change in the water-wettability with successive mechanical 
deformation of the synthesized material (SHM4) with 80 % compressive strain.  
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(Figure 2.6H). Moreover, the properties of the material allow it to be machined, e.g., to make 

an array of wells (Figure 2.6J) that could be useful in restricting the motion of aqueous 

droplets on extremely nonadhesive antifouling surfaces and would eventually facilitate 

various prospective demonstrations, including developing biosensors for protein detection, 

tissue engineering, protein crystallization, high-throughput drug sensing, etc. 

 
 

2.3.2. Synthesis of AGO-doped self-healable and abrasion tolerant superhydrophobic 

coating 

Further, such an approach was extended to develop a self-healable and abrasion tolerant 

superhydrophobic coating. An adequately AGO-incorporated (8.16 μg/mL) mixture of 

BPEI/5Acl, before its transformation to a semisolid gel material, was extended to prepare a 

thick (1 mm) and stable polymeric coating (denoted as SHC3) by spreading the milky solution 

onto a clean glass substrate (Figure 2.7A). After air-drying, the polymeric coating (SHC3) 

was found to be superhydrophilic in the air with a contact angle (CA) of 0° (Figure 2.7C). 

But, the same polymeric interface was efficient in repelling water droplets extremely with an 

advancing water contact angle (θadv) of 162.1° (Figure 2.7D) and contact angle hysteresis 

(θhys) of 3.3°―after strategic chemical modification of the residual acrylates groups in the 

polymeric coating (SHC3) with decylamine molecules. However, more defective coatings 

 

Figure 2.6. A−F) FESEM images of AGO-doped materials (SHM1, SHM2, SHM3 and SHM4) in low 
magnification (A, C, E; scale: 10 μm) and in high magnification (B, D, F; scale: 5 μm). G) Advancing water 
contact angle (θAdv, black line) and water contact angle hysteresis (θHys, red line) on various AGO-doped 
polymeric materials after decylamine treatment. H-J) Digital images of the superhydrophobic material that 
was molded in structures of guava leaf (H), dolphin (I), and array of wells (J). 
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(Figure 2.7B) with multiple cracks were also noticed on decreasing (from 4.25 μg/mL (SHC2) 

to 2.17 μg/mL (SHC1)) the concentration of AGO in the deposition solution. 

In the absence of AGO, the nearly transparent mixture of BPEI/5Acl was found to be 

inappropriate to provide such a coating. Similarly, the mixture of BPEI/5Acl in the presence 

of GO was also unable to provide coatings with desired antiwetting properties. This 

controlled study supported that the primary amine groups in AGO played a crucial role in the 

higher AGO doping in the BPEI/5Acl mixture provided a crack- and peel-free coating, most 

likely due to high mechanical strength of the flexible AGO sheets that were embedded in the 

polymeric coating. Moreover, this coating solution was also used in coating various rigid 

(glass and wood) and flexible (filter paper, Al foil and plastic film) substrates. Next, the 

polymeric coating (SHC3) was exposed to various and common harsh physical insults that are 

generally practiced in examining the durability of the embedded antifouling property of the 

synthesized materials. First, our developed material was treated with abrasive sand paper, 

where the abrasive surface of the sand paper was rubbed on the polymeric coating with 100 g 

of an applied load―which resulted in severe physical damage to the polymeric coating, and 

the top surface of the polymeric coating was physically eroded in the form of some powdery 

fragments. Nevertheless, the extreme water repellency in the material was found to be intact 

with θadv∼162.1° and contact angle hysteresis of θhys∼3.9° (Figure 2.8A-C). Moreover, at the 

end, the abrasive surface of the sand paper―which was covered with these powdery 

 

Figure 2.7.  A) Schematic illustration of preparation process of the polymeric coating. B) Digital image of 
polymeric coatings that are incorporated with various amounts of AGO (SHC1 (2.17 μg/mL), SHC2 (4.25 
μg/mL), and SHC3 (8.16 μg/mL)). C-D) Digital images and advancing contact angle images (inset) on the 
stable polymeric coating (SHC3) before (C) and after (D) decylamine treatment. E) FTIR spectra of the 
polymeric coating (SHC3) before (black) and after (red) post-chemical modification with decylamine 
molecules. F-I) Digital images and contact angle images (inset) of beaded water droplets on a polymeric 
gel (post-modified with decylamine)-coated glass (F), wood (G), plastic (H), and Al foil (I).  
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fragments of the polymeric coating, was also capable of displaying the nonadhesive 

superhydrophobicity (Figure 2.8D-E). 

 
Second, an adhesive tape was placed in contact with the polymeric coating―with a 500 g 

load. The load was strategically applied to facilitate the interfacial contact between the 

adhesive surface and the surface of the polymeric coating (Figure 2.8F). At the end, the tape 

was manually peeled off from the polymeric coating. During this process, the top surface of 

 

Figure 2.8.  A) Digital images of the set up for sand paper test, where abrasive sand paper (grit no. 400) 
was sandwiched between the polymeric coating and applied load (100 g) and rubbed on the polymeric 
coating for at least 10 times. B-E) Digital images (B, D) and advancing contact angle images (C, E) of 
beaded water droplets (red color aids visual inspection) on both the polymeric coating (B, C) and 
abrasive sand paper (D, E) after performing the abrasive sand paper test. F) Digital images of the set up 
for adhesive tape test, where adhesive surface of the tape was brought in contact with polymeric coating 
and a pressure (with 500g load) was applied to achieve uniform and improve contact between the 
adhesive surface and polymeric coating. G-J) Digital images (G, I) and contact angle images (H, J) of 
beaded water droplets on both the polymeric coating (G-H) and adhesive tape surface (I-J), after peeling 
off the adhesive tape from the polymeric coating, during this adhesive tape peeling process, polymeric 
coating was fractured, and top surface of the coating was transferred to adhesive tape (I). K) Digital 
images of the set up for sand drop test, where 150 g of sand grains was poured onto the polymeric 
coating (tilted at 45°) from a height of 20 cm. L-M) Digital images (L) and contact angle images (M) of 
beaded water droplets on the polymeric coating after performing the sand drop test. 
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the polymeric coating was arbitrarily fractured, and some portions were transferred to the 

adhesive surface. As a result, the interior of the polymer coating was exposed to the air; 

however, the polymeric coating was not peeled off or detached from the substrate during this 

abrasion process. The freshly cleaved and exposed surfaces that were either immobilized onto 

the adhesive tape or remained on the glass substrate (the leftover portion of the coating) 

exhibited extreme water repellency with θadv>160° and θhys<5° (Figure 2.8G−J). This simple 

demonstration unambiguously revealed the existence of bulk (including the surface and 

interior) superhydrophobicity in the synthesized polymeric coating. Third, the polymeric 

coating (SHC3) was exposed to a stream of sand that was poured from a 20 cm height, but 

both the physical integrity and the embedded extreme water repellency of the polymeric 

coating remained unaltered―and the water droplets were beaded on the polymeric coating 

with θadv ∼ 162.5° and contact angle hysteresis of θhys∼4.0° (Figure 2.8L, M). Further, these 

results supported the existence of an inherently stable polymeric coating with robust 

superhydrophobicity, where additional engineering of the interface between the polymeric 

coating and the surface of the substrate is not essential. In general, polymer-based soft 

materials are highly susceptible to deformation after the application of pressure, which may 

eventually destroy the topography that is essential to adopt superwettability in the materials. 

However, the attempts to address such important challenges are very few in the literature and 

most of these demonstrations were associated with the application of external stimuli (e.g., 

heat treatment) for restoring the essential topography in the physically damaged interfaces. 

The appropriate optimization of external stimuli for initiating the healing process would be 

extremely challenging in the diverse practical scenarios. Therefore, the design of polymeric 

coating―which would be capable of self-healing the extreme water repellency on the 

physically damaged interfaces―without requiring any external treatments (pH, light, heat or 

humidity etc.), is highly desirable and important for the practical utility of this bioinspired 

interface. Here, the AGO-incorporated polymeric coating was observed to be highly efficient 

in self-healing the superhydrophobicity in the damaged polymeric interface. As a proof of 

concept demonstration, an external pressure of 188 kPa was applied on the polymeric coating 

to examine the tolerance of both the physical integrity and embedded antifouling property of 

the synthesized material. The polymeric coating (SHC3) was physically deformed at the 

location of applied pressure (Figure 2.9A), and the anti-fouling property was also 

significantly affected. The nonadhesive (θhys∼3°) superhydrophobic coating became highly 
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adhesive (θhys∼50°) due to the perturbation in the topography of the polymeric coating  

(physically deformed). 

  
However, after releasing the applied pressure, the physical shape of the polymeric coating 

  

Figure 2.9.  A−F) Digital images (A,B; scale bar: 5 mm) and advancing (C,E)/receding (D,F) contact angle 
images of polymer coating (SHC3) after incurring the physical damage (A,C,D) and after partial physical 
recovery of the coating (B,E,F) after 1 day. C−L) Digital images (C,H; scale bar: 5 mm) and advancing 
(I,K)/receding (J,L) contact angle images of polymer coating (SHC5) after incurring the physical damage 
(G,I,J) and after self-healing (H,K,L) of the damage. M) Plot comparing the rate of physical recovery of 
polymeric coatings (SHC3, SHC4, SHC5) with time, after crushing the polymeric coating with applied 
pressure (~188 kPa). N) The plot accounting the changes in the advancing contact angle hysteresis of 
beaded water during repetitive (40 times cycles) physical damage/self-healing process. (SHC5). O−Q) 
FESEM images (scale bar: 10 μm) of polymeric coating (SHC5) before incurring physical damage (O) and 
after performing damage/healing cycles for 25 times (P) and 40 times (Q). 
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was gradually being self-healed with time without the requirement of any kind of manual 

intervention, and after 1 day, the recovery of physical deformation was estimated to be 72% 

(Figure 2.9A-F). Moreover, the polymeric coating was able to restore the native nonadhesive 

superhydrophobicity with a θhys of ∼3°, and an example of such self-healing of the 

bioinspired wettability in the polymeric coating without application of any external stimulus 

is unprecedented. Interestingly, the process of recovery for both the physical deformation and 

anti-fouling property in the polymeric coating can be further significantly accelerated by 

incorporating more AGO sheets in the polymeric coating. The appropriately post-

functionalized polymeric coating (SHC5) having a higher amount (30.77 μg/mL) of AGO was 

highly efficient in rapid and complete recovery of both the physical deformation and the 

intrinsic antifouling property. Upon the release of the applied pressure, the physically 

damaged (Figure 2.9G) material with highly adhesive (θhys∼50°, Figure 2.9I-J) 

superhydrophobicity (θadv∼158°, Figure 2.9I) was noticed to be proficient in restoring both 

the native physical shape (Figure 2.9H) and embedded nonadhesive (θhys∼4°, Figure 2.9K-L) 

superhydrophobicity (θadv∼163°, Figure 2.9K)―without any external interventions. These 

recoveries of physical deformation and wettability processes were exponential with time. 

Both the physical damage and the embedded antifouling property were completely self-

healed under ambient conditions within 30 min. The rate of healing depended on the amount 

of loading of AGO in the bio-inspired coating as shown in Figure 2.9M. Next, the same 

polymeric interface was exposed to repetitive physical damage/self-healing process through 

the successive application of pressure and followed by the release of the applied pressure. 

After incurring each instance of physical damage on the polymeric coating, the self-healing 

of the native antifouling property in the polymeric coating was characterized by estimating 

the water CA hysteresis (θhys; which accounts for the extent of adhesive interaction between 

the beaded water droplet and the polymeric interface). The polymeric coating was capable of 

restoring the nonadhesive antifouling property 25 times with a θhys below 5°. The 

morphologies of the polymeric coating were characterized with FESEM imaging (Figure 

2.9O-P) before the incurring of physical damage and after this repetitive (25 times) 

performance of the damage/ healing processes. In both cases, the topography of the 

polymeric coatings was found to be indistinguishable with a similar random arrangement of 

granular domains. Further, on increasing this damage/healing cycle at the same location of 

the polymer coating, a gradual and continuous increment in contact angle hysteresis was 

noticed. After extending this damage/ healing cycle 37 times on the same polymeric 
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interface, the θhys was measured to be higher than 5°―but still below 10°. Thus, even after 37 

cycles of the repetitive self-healing process, the polymeric coating remained efficient in 

restoring the nonadhesive superhydrophobicity―without demanding any manual 

interventions as shown in Figure 2.9N. However, incomplete healing of both the physical 

deformation and wettability was noticed after repeating the damage/healing cycles 40 times, 

and the polymeric coating was found to be permanently adhesive with a θhys of 15° (Figure 

2.9N). Moreover, the topography of the material was observed to be significantly deformed, 

where granular domains appeared flattened (Figure 2.9Q) even after 1 week, and only 60% 

physical deformation was self-healed in the polymeric coating. Generally, the 

superhydrophobic surfaces with θhys below 10° and above 10° are considered nonadhesive 

(lotus leaf) and adhesive (rose petals) superhydrophobic interfaces, respectively. The 

synthesized polymeric coating displayed both of these bioinspired interfaces. After the 

application of external pressure (188 kPa) on the polymeric coating, the embedded 

bioinspired wettability, i.e., nonadhesive superhydrophobicity (lotus leaf), gets compromised, 

and another bioinspired wettability―which is recognized as adhesive superhydrophobicity 

(rose petal) was developed with a θadv of ∼159° and θhys > 50° as shown in Figure 2.10A, B, 

likely through attaining a Cassie−Wenzel transitional state. Eventually, this transient 

switching of two bioinspired wettabilities energetically helps in the collection/immobilization 

of the aqueous phase at the desired location without any spilling or spreading of the beaded 

aqueous phase on the polymeric coating as shown in Figure 2.10C. Further, this transient and 

reversible transition between two bioinspired wettabilities from nonadhesive (θhys<5°) to 

adhesive (θhys>50°) superhydrophobicity, and vice versa, was exploited in immobilizing the 

water-soluble agents on the polymeric coating―directly from the aqueous phase which might 

be interesting in various fundamental and applied contexts. As a proof of concept 

demonstration, a pressure above 188 kPa was applied at three different locations of the 

polymeric coating for inducing adhesive superhydrophobicity at those selected locations 

through the physical deformation of the polymeric coating (Figure 2.10D). The polymeric 

coating was immediately immersed in red-colored aqueous solution of rhodamine dye 

molecules for 10 s. Then, the polymeric coating was taken out from colored aqueous solution 

water to open air. The polymeric coating was found with an adhered red aqueous phase only 

at those three selected locations (Figure 2.10E) ―which were physically deformed by the 

application of appropriate external pressure and no further spilling or spreading of the red 

aqueous phase was noticed on the polymeric coating. Over time, the red aqueous phase was 
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air-dried and the physically deformed interfaces on the polymeric coating were completely 

recovered with the nonadhesive superhydrophobicity (θadv of ∼161° and θhys ∼3°), even 

though the water-soluble molecules were impregnated in the polymeric coating as shown in 

Figure 2.10F.  

This superhydrophobic printing of hydrophilic molecules provided a simple basis to protect 

water sensitive hydrophilic agents from unwanted exposure to the aqueous phase. Next, a 

facile, paper-based and contact-mediated, impregnation of hydrophilic small molecules on the 

 

Figure 2.10. A−C) Demonstration of breaking of beaded water droplet (θAdv ∼160°; 1 μL) by adhesive 
interaction with the physically damaged polymeric coating (SHC5) during receding of water droplet (B, 
C). (D−F) Digital images (scale bar: 5 mm) of physically damaged (D, with three circular spots) 
polymeric coating after selective collection (E) of aqueous solution of rhodamine 6G and after self-healing 
(F) of the physical damage. (G−I) Digital images (scale bar: 5 mm) of a paper-based contact printing 
process with a dolphin shaped paper, where the paper was soaked with an aqueous solution of rhodamine 
dye prior to bringing contact with physically damaged (marked with dotted box) polymeric coating (G). 
On removal of the paper, the polymeric coating was found with an impregnated aqueous phase (H), and 
finally a self-healed superhydrophobic print (I, dolphin shape) of rhodamine molecules was observed after 
air-drying of the aqueous phase. (J−L) Digital images (scale bar: 5 mm) illustrating the two steps (printing 
I and II, J, K) of contact printing of two different dye molecules (methylene blue and rhodamine 6G) on 
the physically damaged polymeric coating with triangular shaped paper. M, N) Instant printing of 
rhodamine dye on a superhydrophobic surface by  using a ―lab-made‖ stamp of ―IIT‖ (M) that was inked 
with an aqueous solution of rhodamine prior to execution. 
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polymeric coating was developed, and the polymeric coating was decorated with a 

superhydrophobic print of water-soluble agents―without exposing the entire polymeric 

coating to the aqueous phase. First, a paper was cut in the shape of a dolphin and was wetted 

with an aqueous (red color) solution of rhodamine prior to bringing it into contact with a 

physically deformed and comparatively flattened interface (denoted with the dotted box in 

Figure 2.10G) of the polymeric coating. The wet paper was kept on the polymeric surface for 

a few minutes to ensure the selective transfer of the aqueous phase from the wet paper to the 

polymeric interface. After gentle removal of the adhered paper from the polymeric coating, a 

hydrated print in the shape of a dolphin appeared on the surface of the polymeric coating 

(Figure 2.10H). Then, the polymeric coating was allowed for air-drying, and at the end, both 

the physical shape and antifouling property (with θadv of ∼162° and θhys ∼ 3°, Figure 2.10I) 

were self-healed in the material―even after impregnation of hydrophilic small molecules 

onto the polymeric coating. As compared to the previous process, a tiny amount of aqueous 

phase was used in this paper-based contact printing approach. Moreover, a complex 

print―that was composed of multiple (blue (methylene blue) and red (rhodamine) color dyes, 

Figure 2.10J−L) hydrophilic molecules―was developed through successive and strategic 

incorporation of dye molecules, one (the print I, Figure 2.10J) after another (print II, Figure 

2.10K) following a repetitive physical deformation and healing of polymeric coating as 

shown in Figure 2.10L. A filter paper with a triangular shape was used for location selective 

incorporation of two different dye molecules. Then, a direct and instant immobilization of 

hydrophilic small molecules on the superhydrophobic polymeric coating was achieved 

through selective immobilization of an aqueous solution of desired small molecules during 

the induction of the physical deformation on the polymeric coating. The object―which was 

used for inducing the physical deformation on the polymeric coating―was first inked with an 

aqueous solution of dye prior to exerting the required pressure on the polymeric coating. A 

wood-based crude stamp with a shape of IIT (short form of Indian Institute of Technology) 

was developed at our lab for proof of concept demonstration, where a very small volume 

(<10 μL) of aqueous solution (red ink) of rhodamine was used to wet the wooden stamp 

(―IIT‖) prior to bringing it into contact with a polymer coating and was followed by the 

application of manual moderate pressure on the material. Instantly, the aqueous solution of 

rhodamine dye was transferred to the polymeric coating (Figure 2.10N). With time, the 

aqueous phase evaporated, and both the antifouling property and the physical deformation 

were self-healed in the polymeric coating and eventually provided a rapid and facile approach 
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to develop a print of hydrophilic molecules on the extremely water repellent 

superhydrophobic interfaces (with θadv of ∼161° and θhys ∼ 4°), where a beaded water droplet 

can instantly roll off on slight tilting (even less than 5°) of the surface. This instant rolling of 

a beaded water droplet on the nonadhesive superhydrophobic surface actively helped in 

collecting/removing dust and the dirt particles that were deposited on the superhydrophobic 

print and eventually provided a facile basis to develop a self-cleaning and waterproof 

superhydrophobic print of water-soluble agents (Figure 2.10O−Q).  

 

2.4. Conclusion 
In conclusion, the current report exploited a simple and robust1,4-conjugate addition reaction 

between amine and acrylate groups for strategic and covalent integration of modified 

graphene oxide, which is well-recognized for its impeccable mechanical properties. The 

optimum incorporation of AGO sheets in the reaction mixture of BPEI/5Acl allowed 

preparing a covalently cross-linked ―amine-reactive‖ gel which was remained highly flexible 

and durable polymeric material, which were appropriate to display extreme water repellency 

both in air and under oil. Furthermore, this semisolid gel material allowed us to mold it in 

desired shapes, which could be useful in various prospective applications including protein 

detection, tissue engineering, protein crystallization, high throughput drug sensing, etc. The 

same reaction mixture (before gelation) was exploited to develop a highly durable and 

absolutely self-healable superhydrophobic coating without requiring any external intervention 

(or stimuli). Moreover, the synthesized polymeric coating was inherently capable of a facile 

and unique reversible switching of two bioinspired wettabilities―that are nonadhesive (lotus 

leaf) and adhesive (rose petal) superhydrophobicity. This transient and reversible switching 

between adhesive and non-adhesive bioinspired wettability was strategically exploited in 

developing rewritable aqueous patterns on the extremely water repellent polymeric coating. 

Further, this synthesized polymeric coating was capable of impregnating hydrophilic agents 

directly from the aqueous phase without sacrificing the embedded antifouling property. Such 

interfaces could be useful for many fundamental and applied interests, including the synthesis 

of smart drug delivery systems, catalysis, self-assembly of colloids, cell culture chips, robust 

open microfluidic systems, reusable chemical sensing, etc. Moreover, this facile and scalable 

synthetic approach for developing a superhydrophobic coating with impeccable tolerant to 

practically relevant severe settings could be useful in broad contexts and various prospective 

applications. 
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Title: Single Multilayer Coating for Achieving Stretchable and Abrasion 
Tolerant Superhydrophobic and Underwater Superoleophobic Interfaces* 
                                                                                

Stretchable and durable superhydrophobic and underwater superoleophobic interfaces are of 

potential interest for developing various smart materials. In general, nature-inspired water 

(lotus leaf mimicking superhydrophobicity in air) and oil (fish scale-inspired 

superoleophobicity underwater) repellent interfaces that are associated with specific physical 

and chemical parameters, are developed by adopting separate synthesis processes. However, 

a slight perturbation of the essential topography and chemistry is likely to cause permanent 

damage to these two distinct nature-inspired artificial wettabilites. In this chapter, the 

covalent integration of the chemically reactive polymeric nanocomplex and amino graphene 

oxide through layer-by-layer (LbL) deposition technique provided a single and simple 

method to fabricate highly stretchable and abrasion tolerant both the fish scale and lotus leaf-

inspired interfaces.  These interfaces were capable of sustaining: (a) large tensile deformation 

(100%) for multiple times (500 times), and, (b) severe physical/chemical exposures—

including physical erosion of the polymeric coating, prolonged exposure to extremes of pH, 

salinity, ultraviolet radiation, physical manipulations, and so on. Furthermore, such a durable 

material was deposited on various substrates, and thus, would be of potential interest for 

diverse prospective applications in practically relevant harsh conditions.  
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3.1 Introduction  
A common approach for synthesizing stretchable superhydrophobic and under-water 

superoleophobic interfaces is fundamentally challenging to achieve. Such interfaces have 

immense potential for developing various smart applications related to stretchable 

electronics, gas sensors, flexible microfluidics, functional textiles, wearable devices, oil 

transportation and so on.1-7 Generally, the induction of tensile deformations on such special 

interfaces leads to change in the super liquid wettability.8,9 Nevertheless, a few designs have 

provided extreme water repellent (inspired by the lotus leaf) interfaces that remained 

unaffected, even after incurring tensile deformation.1-7 Together with tensile deformation, 

these bio-mimicking interfaces are likely to be exposed to other physical/chemical harsh 

insults, such as, scratching, stretching, creasing, twisting, exposure to ultraviolet (UV) 

radiation and complex aqueous media and so on, during packaging, transportation and 

performance of synthesized materials at the sites of practical applications.7,10 However, these 

important durability issues have not been examined for most of the reported stretchable and 

thin conventional superhydrophobic interfaces.1-6 The applicability of the reported stretchable 

materials is less likely possible in practically relevant severe settings. In the previous chapter, 

we have developed a highly durable superhydrophobic coating by using the doctor blade 

method. Such coating was capable of sustaining severe physical damage, including the 

removal of the top surface of the coating. The freshly exposed interiors of the reported 

coatings have adequate topography and chemistry to display uninterrupted 

superhydrophobicity.11,12 However, this doctor blade method introduced in chapter 2 was 

inappropriate to coat geometrically complex objects and such coatings also failed to sustain 

tensile deformation. Furthermore, the examples of stretchable fish-scale inspired underwater 

superoleophobicity that specifically perform underwater, are also rare in the literature due to 

the poor sustainability of the highly water-compatible coatings (that are mostly synthesized 

from the polymeric gel, brittle metal oxides and electrostatic multilayers) under the applied 

tensile strain (TS).13-17, 18–22 In general, the substrates with a high Young's modulus are 

selected to avoid large tensile deformation/ distortion of the synthesized special interfaces 

and thus, a change in the topography of the water-compatible hierarchical interfaces are 

mostly avoided.13-17,18–22 Such approaches are absolutely incapable of providing stretchable 

superoleophobicity underwater. The nature-inspired special interfaces that are efficient not 

only in sustaining: (1) tensile deformation (often referred to as stretching) but also, (2) 

various other physical and chemical abrasions would be useful in various fundamental and 
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applied contexts. A common way to synthesize stretchable nature-inspired wettabilities with 

high durability would be most appropriate for the practical use of highly prospective, nature-

inspired interfaces in the near future. In this chapter, a common and simple chemical 

approach has been developed for synthesizing: (a) highly stretchable, and (b) durable 

(capable of withstanding various physical/chemical abrasions) special interfaces that 

remained proficient in displaying, (c) nature-inspired various bulk wettabilities, including 

lotus leaf-inspired superhydrophobicity and fish scale mimicking underwater 

superoleophobicity. In this rational design, the covalent integration of chemically reactive 

polymeric nano-complexes (CRPNC) and amino-graphene oxide (AGO)  was achieved 

following a substrate independent, simple and covalent deposition process, i.e., a 1,4-

conjugate addition mediated layer-by-layer (LbL) coating technique, without using any 

sophisticated instrumental set up. The synthesized multilayers of CRPNC and AGO were 

found to be chemically reactive for further chemical manipulations, and displayed durable 

superhydrophobicity in air and superoleophobicity under water, depending on the selection of 

chemical post-modulations of the reactive and bulk multilayer coatings. The multilayers with 

special and bulk bio-mimicking wettability was successively (500 times) exposed to tensile 

deformations (100% strain) and still remained capable of repelling the beaded liquid droplet 

(water in air/oil under water) with advancing liquid contact angle above 150º and contact 

angle hysteresis of below 10º. Furthermore, the synthesized material with a physically 

damaged interface was also able to show both the liquid wettability during tensile 

deformations. Moreover, the synthesized material was found to be liquid (oil/water) repellent, 

even after prolonged exposure to various complex aqueous media (extremes of pH, salinity, 

and so on) and UV radiation.  

 

3.2 Experimental Section 

3.2.1. Materials 

 D-glucamine (>95%) was procured from TCI (Tokyo Chemical Industry), India. Silicone 

elastomer kit was procured from Electrochem, India. Sources of other chemicals have already 

been mentioned in the Chapter 2. 

3.2.2. General considerations 

 All the instrumental details have been provided in the Chapter 2. 

3.2.3. Synthesis of amino graphene oxide (AGO) 
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The detailed synthetic procedure of amino graphene oxide has been discussed in the Chapter 

2. 

3.2.4. Preparation of PDMS film and multilayer construction 

Silicone elastomer and curing agent were mixed in 10:1 ratio and the mixture was poured into 

a Petri-dish followed by heating at 80°C for 3 hours to get the PDMS film. Fabrication of 

reactive film by LbL deposition process: The solution of 5Acl (0.252 M) and BPEI (0.105 M) 

in methanol were prepared in separated glass vials. Then, 5 ml of 5Acl and 1 ml of BPEI 

were mixed and kept for 10 minutes for initiating the formation of chemically reactive‘ 

polymeric nano-complex (CRPNC) in the reaction solution. Another dipping solution—that 

is AGO, was prepared in ethanol/water (1:1) mixture (4 ml; 25 μL of NH3 (25%) was added 

in the dipping solution to prevent any protonation of grafted primary amine on AGO). Then, 

the freshly prepared CRPNC and AGO were covalently integrated into the multilayers 

coating on the selected substrates (glass, PDMS, wood, plastic, aluminium and gloves) 

following Layer-by-Layer (LbL) deposition process. The detailed process was as follows; a) 

the selected substrates were immersed in the solution of AGO for 30 s, b) substrates were 

removed and washed with two consecutive methanol bath for 30 s prior to c) place in the 

solution of CRPNC in methanol for 30 s, and then d) substrates were washed in the manner 

described in step (b). This whole deposition cycle was repeated iteratively 15 times. After the 

completion of the first cycle of deposition of AGO and CRPNC, the dipping time of the 

selected substrate in the respective dipping solutions and washing solutions was reduced to 

15 sec. After fabrication, films were washed with methanol for 30 min prior to air dry the 

samples. 

3.2.5. Post chemical-modification with amine-containing small molecules 

The chemically reactive multilayers coatings were treated with appropriate chemicals to 

achieve desire nature-inspired interfaces. The multilayers coating were immersed in 

octadecylamine solutions (in ethanol, 2.5 mg mL-1) for achieving superhydrophobicity in air, 

and the same chemically reactive coatings were immersed in D-glucamine solution (in water, 

2.5 mg mL-1) for adopting underwater superoleophobicity. After 12 h treatment, the 

polymeric coatings were washed thoroughly with ethanol/water for one hour to remove 

unreacted and loosely bound amine-containing small molecules and dried in the open air. 

3.2.6. Physical/chemical durability of the anti-wetting property 

 The multilayers coatings embedded with either superhydrophobicity in air or 

superoleophobicity underwater were exposed to various practically relevant severe 
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physical/chemical challenges—including exposures to various physical manipulations (e.g.; 

bending creasing, twisting etc.), sand paper abrasion test, adhesive tape peeling test, sand 

drop test, UV irradiation and chemically harsh (extremes of pH, salinity etc.) aqueous media. 

The details of these durability tests have been accounted in the following sections;  

3.2.6.1. Tensile deformation test 

 The multilayers coated superhydrophobic PDMS film was manually stretched with the 

different tensile strains. The stretching percentage was calculated by measuring the change in 

length of the material before and after incurring the tensile deformation using the following 

formula: 

Percentage (%) of stretching = [Final length – Initial length]/ [Initial length] x 100 

3.2.6.2. Sand paper abrasion test 

 First, a piece of sandpaper was attached to a glass slide with double-sided adhesive tape and 

the abrasive surface was placed on the multilayers coated PDMS films. Then the sand paper 

was rubbed manually across the coated substrate four times back and forth with an applied 

load of 200 g. The external load was applied to improve the contact between the abrasive 

sand paper surface and multilayers coatings. This abrasive test led to physical erosion of the 

polymeric coating. So, the effect of tensile deformation of such physically damaged 

interfaces is also investigated. The anti-wetting property was examined with visual inspection 

and contact angle measurements. 

3.2.6.3. Sand drop test 

The PDMS films were kept tilted at 45° inclination and then 150 g of sand grains were 

poured onto the polymeric coated PDMS films from a height of 20 cm using a glass funnel. 

After this test, the anti-wetting property was examined with visual inspection and contact 

angle measurements and the impact of further physical deformation was also investigated.  

3.2.6.4. Adhesive tape test 

First, a fresh adhesive interface of a double-sided adhesive tape was attached on a glass slide 

and then another adhesive surface was brought in contact with the multilayers coatings with 

an applied load of 200 g. Then, the adhesive tape was peeled off from the films. Then, the 

embedded super-wetting property was examined on the adhesive tape treated substrate with 

and without applied tensile strain (100%).  

3.2.6.5. Complex aqueous/UV exposure 

The coated PDMS films were immersed in different harsh aqueous media, including artificial 

sea water (solution of 0.226 g MgCl2, 0.325 g MgSO4, 2.673 g NaCl, and 0.112 g CaCl2 in 
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100 mL of deionized water), 0.01 M NaOH (pH = 12), 0.1 M HCl (pH = 1), river water 

(Brahmaputra river, Assam, India), and kept under UV exposure (254 nm and 365 nm) for 10 

days. Then, the anti-wetting property was examined with contact angle measurements at a 

regular time interval. 

 

3.3. Results and Discussions 
3.3.1. Synthesis and characterization of multilayers of „chemically reactive‟ polymeric 

nanocomplex/amino-graphene oxide 

In the recent past, a few elegant approaches were introduced for synthesizing lotus leaf-

inspired thin (nanometer scale) and stretchable interfaces following deposition of various 

nanomaterials, including silver nanoparticle, polyaniline nanostructure, carbon black, 

graphene sheets, carbon nanofibers and silica nanoparticles.1–6 In general, such approaches 

for depositing ‗chemically non-reactive‘ (refers to an inability to react spontaneously and 

covalently with other chemicals) nanomaterials only provided the desired hierarchical 

topography for developing lotus leaf-inspired stretchable superhydrophobicity in air. 

Moreover, these designs remained inappropriate for developing fish scale-mimicking 

underwater superoleophobicity. Furthermore, many of these earlier reports were very specific 

about using certain substrates.1-4,6 In the chapter 2, the flexible amino graphene oxide (AGO) 

nanosheets were incorporated following a sol-gel conversion process for developing 

compressible superhydrophobic monoliths and coating. However, such material remained 

inefficient for providing stretchable fish scale and lotus leaf-inspired coatings. In this chapter, 

AGO and CRPNC were appropriately and covalently integrated through successive 1,4-

conjugate addition reactions (as shown in Figure 3.1A-C) for developing: (1) highly 

stretchable, (2) substrate independent, and, (3) both durable lotus leaf and fish scale-inspired 

wettabilities through LbL deposition process.  The synthesized chemically reactive 

multilayers of CRPNC/AGO (Figure 3.1C, 15 bilayers, where each bilayer is comprised of 

deposition of CRPNC and AGO) were found to be hydrophobic (98.5°) in air and oleophobic 

(87.5°) under water as shown in Figure 3.1D-G. The field emission scanning electron 

microscopy (FESEM) images of these multilayer coatings revealed the presence of an 

arbitrary association of CRPNC that are covalently integrated with flexible AGO sheets 

(Figure 3.1H-I) through 1,4-conjugate addition reactions. The hierarchical topography 

consisted of micro/nano domains required for developing nature-inspired special wettability. 

Furthermore, the successful incorporation of AGO in the multilayer coating was confirmed 
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from the Raman spectral analysis, where both the characteristic G and D bands of AGO 

(Figure 1J, black) appeared. 

 
Even after removal of the top surface of the coating following an adhesive tape peeling 

process, the exposed interior (shown in red), of the synthesized coating also displayed the 

characteristic Raman spectral signature for AGO as shown in Figure 3.1J. This result 

 

Figure 3.1. A-B) Schematic illustrating the covalent integration of amine grafted graphene oxide (A; 
AGO) and a chemically reactive polymeric nano-complex (B; CRPNC), prepared by mixing branched 
polyethylenimine (BPEI) and penta-acrylate in methanol) using a 1,4 conjugate addition reaction. C) 
Schematic representation of the multilayers of CRPNC/AGO having amine reactive residual acrylate 
groups all through the polymeric coating, including the surface and interiors. D–G) Digital (D and F) and 
contact angle (E and G) images of beaded water droplets (in air, D and E) and oil droplets (under water, F 
and G) on the untreated multilayer coated glass slide. H-I) FESEM images of multilayer coatings under 
low (H) scale: 5 μm and high (I) scale: 1 μm magnifications. J) Raman spectra of the multilayer coatings 
before (black) and after (red) exposure of the interiors. K) Fourier-transform infrared (FTIR) spectra of the 
multilayer coating. 
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indicated the existence of AGO all through the polymeric coating, including the top interface 

and the interiors. 

  

The multilayer coating (thickness ~ 2.4 mm) of CRPNC/AGO consisted of residual acrylate 

groups. Thus, the inherently ‗chemically reactive‘ multilayer coating allowed further post-

chemical modifications through a simple 1,4-conjugate addition reaction. The prominent 

appearance of infrared (IR) peaks at 1409 cm-1 and 1735 cm-1 unambiguously referred to the 

characteristic signatures for (a) the symmetric deformation of the C–H bond for the β carbon 

 

Figure 3.2. A-B) Schematic of post-modifications of the multilayers with primary amine-containing small 
molecules through 1,4-conjugate addition reaction and this post-modification is all throughout the coating, 
including the top surface and interiors. C) Fourier-transform infrared (FTIR) spectra of the multilayer 
coating before (black) and after post-modification with a primary amine containing small molecules, (e.g., 
ODA (red) and D-glucamine (blue)). D-G)  Advancing contact angle (D and F) and digital (E and G) images 
of beaded water ((D and E), in air) and oil ((F and G), under water) droplets on multilayer coatings which 
were treated with ODA (D and E) and D-glucamine (F and G) molecules.  
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of the vinyl groups and (b) the carbonyl stretching. This IR study eventually confirmed the 

existence of residual acrylate groups in the synthesized material as shown in Figure 3.1K. 

Next, the multilayer coating was individually exposed to two distinct primary amine-

containing small molecules, D-glucamine (hydrophilic) and ODA (hydrophobic) as shown in 

Figure 3.2A-B, and this resulted in the significant reduction of the IR peak intensity at 1409 

cm-1 (Figure 3.2C, blue (D-glucamine treated) and red (ODA modified) curves) was noted in 

comparison to the IR peak at 1735 cm-1. During the 1,4-conjugate addition reaction, the 

carbonyl groups were retained and the vinyl groups were consumed. Thus, the significant 

change in IR peak intensity at 1409 cm-1 with respect to the IR signature for the carbonyl 

group (at 1735 cm-1) strongly suggested the covalent integration of the primary amine-

containing small molecules in the multi-layered coatings.  Thus, the multilayer coating of 

CRPNC/AGO having residual acrylate group observed to be ‗chemically reactive‘ to primary 

amine-containing small molecules as shown in Figure 3.2C. The impact of these two distinct 

chemical modulations in the chemically reactive multi-layered coating through the 1,4-

conjugate addition reaction was significant on the liquid (oil/water) wettability. 

The ODA treated multilayers displayed extreme water repellency with an advancing water 

 

Figure 3.3. A−P) Digital images and contact angle images (inset) of beaded water droplets (in air, A-H) and 
beaded oil droplets (under water, I-P) on uncoated (A ,C, E, G, I, K, M, O) and multilayers-coated (post-
modified with octadecylamine, B, D, F, H and post-modified with D-glucamine, J, L, N, P) substrates—
including wood (A-B, I-J), plastic (C-D, K-L), gloves (E-F, M-N) and Al foil (G-H, O-P). 
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contact angle of ~162° as shown in Figure 3.2D-E. On the other side, the D-glucamine treated 

multi-layered coating found to be underwater superoleophobicity where the oil droplets 

beaded with an advancing oil contact angle of ~164º under water as shown in Figure 3.2F-G. 

Thus, the covalent and simple chemical modulation of a single multilayered coating provided 

a simple basis for integrating two distinct, nature-inspired special wettabilities: 

superhydrophobicity in air and underwater superoleophobicity. Furthermore, various flexible 

and rigid substrates, including wood, plastic, gloves and metal surfaces were coated with the 

‗chemically‘ reactive multilayers of CRPNC/AGO. Eventually, provided both 

superhydrophobicity in air and superoleophobicity under water with the liquids' (oil/ water) 

advancing contact angle above 150° were achieved on the various substrate depending on the 

selection of appropriate post-covalent modifications as shown Figure 3.3.  

 

3.3.2. Stretchable nature-inspired wettability 

The same multilayers were constructed on a strategically selected, easily deformable 

substrate, which was polydimethylsiloxane (PDMS) film (thickness: ~0.25 mm). The 

featureless and smooth interface was inherently stretchable under applied manual tensile 

strain (TS). The multilayered coating on the PDMS was post-modified with appropriate 

chemical functionalities (e.g., D-glucamine and ODA molecules) for adopting nature-inspired 

extreme water (in air) and oil (under water) repellent interfaces. The superhydrophobic 

multilayered coated PDMS (denoted as SH-PDMS) film that repelled the beaded water 

droplet with an advancing contact angle of ~162° (Figure 3.4A-B) and contact angle 

hysteresis of ~3° was exposed to physical deformations. The SH-PDMS films were manually 

and gradually stretched and the stretched interfaces having 100% TS remained water 

repellent with advancing water contact angle of ~160° (Figure 3.4C-D) and contact angle 

hysteresis of ~5°. As expected, no change in water wettability was observed after releasing 

the applied strain as shown in Figure 3.4E-F. Next, the tensile deformation was successively 

carried out to examine the impact of repetitive deformation of a multilayer coating on the 

embedded special wettability. The advancing water contact angle was measured at regular 

intervals of the consecutive tensile deformation (applied TS = 100%) of the multilayer-coated 

PDMS as shown in Figure 3.4G. The advancing water contact angle was noticed to be 

slightly perturbed, however, the non-adhesive superhydrophobicity remained intact with an 

advancing water contact angle of above 150° and contact angle hysteresis of well below 10°, 

even after 500 times repetitive tensile deformation of the SH-PDMS. Then, covalently cross-
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linked and ‗chemically reactive‘ multilayer-coated PDMS that displayed underwater 

superoleophobicity (denoted as UWSO-PDMS), after the post-chemical modification with D-

glucamine molecules, was gradually exposed to tensile deformation  (from 0 to 100% strain). 

The UWSO-PDMS remained capable of repelling beaded oil droplets under water, with 

advancing oil contact angle above 160° and contact angle hysteresis below 10° before and 

after incurring the tensile deformation (with 100% TS), and after releasing the applied TS as 

shown in Figure 3.4H-M.  

Furthermore, oil droplets on the physically deformed interfaces under water were noticed to 

roll off when the interface was tilted by 4°, which strongly suggests the existence of durable 

fish-scale inspired wettability. Next, the UWSO-PDMS was repetitively exposed to physical 

deformation with 100% TS and the oil wettability under water was regularly monitored using 

oil contact angle measurements. However, the multi-layered coating remained non-adhesive 

superoleophobic underwater with advancing contact angle above 160° and contact angle 

 

Figure 3.4. A–F) Digital (A, C and E) and contact angle (B, D and F) images of beaded water droplets (in 
air) before (A and B) and after (C and D) application of external tensile strain (100%) on the multilayer 
coatings, and after releasing the applied strain (E and F). G) A plot showing the change in advancing contact 
angle (black) and contact angle hysteresis (red) of beaded water droplet on multilayer coatings (treated with 
ODA) during the repetitive (500 cycles), tensile (100%) deformation process. H–M) Digital (H, J and L) and 
contact angle (I, K and M) images of beaded oil droplets (under water) on multilayer coating before (H–I) 
and after (J and K) tensile deformation (100%), and after releasing (L and M) the applied tensile stress under 
water. N) The plot showing the change of advancing contact angle (θadv, black) and contact angle hysteresis 
(θhys, red) of beaded oil droplets on multilayer coatings, where the multilayer coating on PDMS film was 
repetitively (500 times) exposed to 100% tensile deformations. 
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hysteresis below 10° as shown in Figure 3.4N. Then, the change in topography in the 

multilayer coating during the tensile deformation (with 100% TS) was examined and 

compared with the multilayer coating before applying the strain and after releasing the 

applied strain as shown in Figure 3.5. The topography of the multilayers that were physically 

deformed with 100% TS was noticed to be different from the multilayer before incurring any 

physical deformation. The hierarchical domains cracked arbitrarily and separated (in the 

range of 2–4 μm) along the direction of the applied TS, however, no peeling of multilayers 

from underneath the substrate was noticed. Rather, the cracked multilayers exposed the 

interior of the coating (Figure 3.5C-D), which was still capable of displaying the nature-

inspired special liquid wettability (Figure 3.4C, D, J and K). Thus, together with the top 

interface, the interior of the synthesized material was also capable of displaying nature-

inspired wettability. As a consequence, there was no apparent change in the advancing liquid 

contact angle and contact angle hysteresis on the physically deformed multilayered coating, 

in comparison to the native interfaces. 

Nevertheless, the topography of the multilayers became indistinguishable from the native 

multilayers after releasing the applied pressure as shown in Figure 3.5E-F and this resulted in 

minimal change in the embedded nature-inspired wettability in the multilayer coating (Figure 

3.4E-F and Figure 3.4L-M).  

 

3.3.3. Physical/chemical durability of nature-inspired wettability 

 

Figure 3.5. A–F) FESEM images of multilayer coatings both in low (scale bar: 10 μm, A, C and E) and 
high (scale bar: 5 μm, B, D and F) magnifications, before (A and B) and after (C and D) applying 100% TS, 
and after (E and F) releasing the applied strain. 
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In the earlier reports, most of the stretchable lotus leaf-inspired interfaces were extended to 

study the performance of the special wettability under applied TS, however, the impact of 

other practically relevant severe settings on the stretchable superhydrophobic coatings were 

not often examined.1-6 The durability study of the stretchable material in other relevant harsh 

settings would be important for various prospective applications in real-world settings.23 The, 

currently synthesized multilayers that were capable of displaying superhydrophobicity (in the 

air) and superoleophobicity (under water), were exposed to various physically/ chemically 

severe conditions and the embedded super-liquid-wettability was examined in detail. 

 
The multilayered coatings that were exposed to various practically relevant challenging 

settings, were physically deformed further with 100% TS and the water and oil wettability 

were examined separately. The detailed and extensive examinations on the durability of the 

 

Figure 3.6. A-P) Digital and contact angle (inset) images accounting the effect of various physical 
manipulations— including creasing (A), winding (B) and twisting (C) on the embedded super-water 
repellent property (in air) of the multilayers (ODA treated, D-I) and the embedded super-oil repellent 
property (under water) of the multilayers (D-glucamine treated, J-P) coated PDMS film before (D, F, H, J, 
L, O) and after (E, G, I, K, M, P) application of 100% tensile strain. 
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synthesized nature-inspired stretchable materials were rarely demonstrated in the literature in 

the past. Both SH-PDMS and UWSO-PDMS were separately exposed to various physical 

manipulations including creasing, winding and twisting for multiple times (10 times), prior to 

examining the water (in air) and oil (under  water) wettability as shown in Figure 3.6. Both of 

the SH-PDMS and UWSO-PDMS were found to display extreme water and oil repellency 

respectively, with an advancing liquid (oil/water) contact angle above 150° as shown in 

Figure 3.6.  Furthermore, the multilayered coatings were exposed to more severe and 

practically relevant challenges including adhesive tape test, sand paper abrasion and so on. 

The multilayer coatings were exposed to the standard adhesive tape peeling test, with an 

applied pressure of 10 kPa.23,49  

However, no physical change and embedded liquid wettability in the multi-layered coating 

were noticed. So, the applied pressure was increased more than five-fold (an applied pressure 

of 56 kPa) so that the top portion of the multilayer eroded away during the standard adhesive 

tape peeling process. Nevertheless, the embedded anti-water wettability remained unchanged 

 

Figure 3.7. A,C) Digital images comparing the water (A, in air, ODA treated) and oil (C, under water, D-
glucamine treated) wettability on the multilayer coatings before and after (the dotted red box indicates the 
physically abraded polymeric coatings) the adhesive tape peeling test. B,D) Contact angle images of 
beaded water (in air) and oil (under water) on the physically damaged multilayers. E-F) FESEM images 
of the multilayers in low (E, scale bar: 5 μm) and high (F, scale bar: 2 μm) magnifications after 
performing the adhesive tape test. G–I) The digital images of beaded water (in air, G) and oil (under 
water, I) droplets on the physically deformed (100% TS) multilayers with/without exposures to the 
adhesive tape test, red boxes (G and I) denote the adhesive tape treated area. H-J) The contact angle 
images of beaded water (in air, H) and oil (under water, J) droplets on adhesive tape treated and 
physically deformed (with 100% TS) multilayers. K-L) FESEM images of physically deformed 
multilayer coating that was exposed to the adhesive tape test in low (K, scale bar: 5 μm) and high (L, 
scale bar: 2 μm) magnifications. 
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with advancing water contact angle above 150° and contact angle hysteresis below 10° as 

shown in Figure 3.7A-B. This simple demonstration unambiguously revealed the presence of 

bulk super water wettability, where the top interface and the interiors of the polymeric 

coating associated with appropriate topography and chemistry and conferred nature-inspired 

super liquid wettability.       As expected, the topography of the multilayered coating was 

significantly perturbed during the severe abrasion process as confirmed from the FESEM 

imaging (Figure 3.7E-F), in comparison to the native multilayers (Figure 3.5A-B), but the 

physically damaged multilayer coating still remained capable of displaying extreme water 

wettability in air (Figure 3.7A-B). Furthermore, this multilayer coating, after the physical 

erosion, was exposed to 100% TS deformation, and the physically damaged and deformed 

interface exhibited superhydrophobicity with an advancing water contact angle above 150° 

and contact angle hysteresis below 10° (Figure 3.7G-H). This result strongly revealed the 

presence of highly robust and stretchable lotus leaf-inspired wettability in the synthesized 

multilayer coating. A very similar response was noticed for the UWSO-PDMS, where the 

physically abraded (after the adhesive tape peeling test, Figure 3.7C-D) UWSO-PDMS that 

was exposed to TS deformation (100%) and the physically abraded and stretched multilayers 

(post-modification with D-glucamine) remained under water superoleophobic with an 

advancing oil contact angle of above 150° and contact angle hysteresis of below 10° as 

shown in Figure 3.7I-J. The examples of such impeccable and exemplary 

sustainability/durability of the lotus leaf/fish scale inspired interfaces are rare in the literature.  

The morphology of the stretched multilayer interface was examined using FESEM imaging, 

where the multilayers of CRPNC/AGO were found with random cracks and exposed the 

underneath substrate as shown in Figure 3.7K-L. However, this cracked multilayer coating 

displayed both uninterrupted superhydrophobicity in air and superoleophobicity under water 

(Figure 3.7G–J). Another severe physical abrasion was carried out on the multilayer coating 

following the standard sand paper abrasion test, where the sand paper was rubbed manually 

(with a speed of 1.4 cm s-1) across the coated substrate with a back and forth motion for four 

times under an applied pressure of 56 kPa. As expected, this abrasion process damaged the 

interfaces, however, these damaged interfaces were still capable of repelling the beaded water 

(in air, Figure 3.8A-B) and oil (under water, Figure 3.8I-J) droplets. Furthermore, such 

physically damaged interfaces were exposed to tensile (100%) deformations. Nevertheless, 

the robust multilayer coatings, which were either post-modified with ODA (SH-PDMS) or D-

glucamine (UWSO-PDMS), were found to remain superhydrophobic in air (Figure 3.8C-D) 
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and superoleophobic under water (Figure 3.8K-L). Next, 150 g of sand was dropped on the 

multilayer coating to examine the impact of this physical challenge on nature-inspired 

wettability. Both the SH-PDMS and UWSO-PDMS remained superhydrophobic (Figure 

3.8E, F, G and H) and underwater superoleophobic (Figure 3.8M, N, O and P) respectively, 

before (Figure 3.8E, F, M and N) and after (Figure 3.8G, H, O and P) tensile deformations 

(100%). 

Furthermore, these covalently cross-linked (through the 1,4-conjugate addition reaction) 

multilayer coatings that were individually modified with D-glucamine or ODA were exposed 

to various complex aqueous phases, (e.g., extremes of pH, salinity, and so on) and UV 

radiation, which were relevant to the practically relevant diverse scenario. Both the SH-

PDMS and SO-PDMS were placed under UV radiation (at 254 nm and at 365 nm 

simultaneously), river water (Brahmaputra River, Guwahati, India), artificial sea water and 

extremes of pH (1 and 12) for 10 days (Figure 3.9). Both the SH-PDMS and UWSO-PDMS 

 

Figure 3.8. A-P) Digital (A,C,E,G,I,K,M,O) and contact angle (B,D,F,H,J,L,N,P) images of beaded water (in 
air; A-H) and oil (under water; I-P) droplets on the multilayers (post-modified with octadecylamine (A-H) and 
D-glucamine (I-P) coated PDMS films after performing the abrasive sand paper test (A-B, I-J) and sand drop 
test (E-F, M-N). Selectively, portion of the coatings were exposed for abrasive sand paper and adhesive tape 
tests, and the right part of the dotted lines in the digital images (A,C,I,K) are refereeing to the physically 
abraded area, whereas entire coatings are exposed for sand drop tests. The multilayers coated PDMS films–
that are exposed to abrasive sand paper test (A-B, I-J) and sand drop test (E-F, M-N), were further stretched 
with applied tensile strain of 100% in air (C,D,G,H) and under water (K,L,O,P), and both the water (C,D,G,H) 
and oil (K,L,O,P) wettability were examined with digital images (C,G,K,O) and measuring contact angles 
(D,H,L,P) of beaded liquids (water/oil). 
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continued to display the nature-inspired wettabilities, superhydrophobicity and underwater 

superoleophobicity with advancing liquid (oil/water) contact angle above 150° and contact 

angle hysteresis below 10° as shown in Figure 3.9.  

In the past, many of the nature-inspired interfaces were developed by associating silane-based 

chemistry, which was fundamentally labile under UV irradiation.13-17,24-27 

These SH-PDMS and UWSO-PDMS were continuously exposed to UV radiation 

(simultaneously at 254 nm and 365 nm) for 10 days, and furthermore, the UV treated 

multilayered coatings were physically deformed with 100% TS, and both the oil and water 

wettability of the multilayers were examined in detail. Both the lotus leaf and fish-scale 

inspired wettability remained preserved without significant change in liquid (oil/water) 

wettability, in comparison to its native multilayer coating. This high chemical durability of 

the embedded nature-inspired wettability was strongly attributed to the rational association of 

robust 1,4-conjugate addition reaction in both: (a) integration of nanomaterials, (i.e., CRPNC 

and AGO), and appropriate chemical modulation of the covalently crosslinked multilayers of 

functional nanomaterials. This general coating approach with the ability to adopt various 

nature-inspired stretchable and durable wettability will contribute immensely towards various 

prospective applications in practically relevant settings. 

 

 

Figure 3.9. Plots accounting the advancing  contact angle (blue and grey) and contact angle hysteresis (red 
and orange) of water (in air, blue and red) and oil (under water, grey and orange) droplet on the 
superhydrophobic (in air, blue and red) and superoleophobic (under water, grey and orange) after prolong 
(10 days) exposures to various chemically and radiative severe conditions including river water, artificial 
seawater, extremes of pH (1 and 12) and UV irradiation (at λmax = 254 and 365 nm). 
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3.4. Conclusions 
Highly durable and stretchable nature-inspired multilayered coating were introduced through 

strategic and covalent integration of two distinct nanomaterials: chemically reactive 

polymeric nanocomplex and primary amine grafted flexible graphene oxide nanosheets. This 

approach provided a simple and common basis to develop multilayered coatings that were 

embedded with stretchable and durable superhydrophobicity (in air) and superoleophobicity 

(under water). Such nature-inspired interfaces were capable of sustaining both large tensile 

deformation and severe physical damages simultaneously. The featureless, smooth interfaces 

of stretchable PDMS film was coated with such multilayered coatings—that remained 

efficient in withstanding various severe physical (e.g., creasing, bending, twisting, physical 

erosions and so on) and chemical challenges (e.g., extremes of pH, sea water, river water, UV 

irradiation and so on). The multilayer coatings with and without severe physical damage 

displayed uninterrupted extreme liquid (oil/water) wettabilities, even after incurring large 

tensile deformation (with 100% strain). The substrate independent deposition process 

following simple and covalent layer-by-layer deposition through 1,4-conjugate addition 

reaction was exploited further in decorating various substrates with such nature-inspired and 

durable wettability, which has exemplary durability. Such stretchable interfaces that were 

associated with important and highly durable nature-inspired multiple special wettabilities, 

would be a potential interest for a wide range of smart and prospective applications in 

practical settings. 
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Title: Simultaneous Collection of Both Selectively Separated Oil and Water 
Phases from Oil/Water Mixture 
 
In the recent past, bio-mimicked super liquid-repellent interfaces were recognized as the 

prospective and energy-efficient solution for remediation of oil contamination, and mostly 

two-phase oil/water mixtures that were either composed of light oil or heavy oil were 

demonstrated for gravity-driven and environmentally friendly oil/water separation. In reality, 

the demonstration of common oil/water separation with a two-phase system under physically/ 

chemically challenging settings is rare, due to the poor durability of the synthesized bio-

mimicked membranes. In this chapter, amine-reactive and covalently cross-linked 

multilayered coating of CRPNC /AGO has been extended for fabricating two distinct durable 

and tensile deformation tolerant selective-liquid-permeable membranes. Further, these bio-

mimicked membranes were exploited in the gravity-driven selective filtration of oil and 

aqueous phase from the three-phase oil/water mixture under practically relevant diverse and 

severely challenging settings, in an unprecedented manner. A prototype was developed 

through the strategic association of both fish scale and lotus leaf-inspired stretchable 

membranes, for simultaneous and active filtration of both heavy/light oils and aqueous phases 

from their respective mixtures. Both the separated oil and aqueous phases were collected in 

two individual containers. The light/heavy oil phases selectively passed through the 

stretchable superhydrophobic membrane and the aqueous phase filtrated through the 

underwater superoleophobic membrane. The developed prototype remained highly efficient 

in repetitive (at least 25 times) separation and collection of both oil and water phases 

simultaneously, irrespective of density, surface tension, and viscosity of the oil phase and 

chemical complexity in the aqueous phase. 
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4.1. Introduction 
 In the past, frequent oil spillage accidents and a large amount of industrial oily waste water 

discharge imposed a great threat for both marine ecology and environments around the globe. 

Therefore, the development of an energy-efficient and environmental friendly oil-water 

separation process is an important research topic. In the past, various oil-water separation 

techniques, including centrifugation, burning, air flotation, oil skimmers and marine 

microorganisms‗ treatment were introduced to remove the oil spillages.1,2 However, low oil-

water separation efficiency and high operation costs limit the applications of these techniques 

in a practical setting. Recently, lotus leaf-inspired superhydrophobicity and fish-scale 

inspired underwater superoleophobicity have been introduced as an early basis for energy and 

environmentally friendly remediation of oil spills.3−7 In the case of lotus-leaf inspired 

superhydrophobic interface, the hierarchical topography topped with inert low surface energy 

coatings allowed the metastable air phase to be trapped and such interfaces have an inherently 

strong affinity toward oil/oily phases. Meanwhile, highly water-compatible fish-scale 

inspired interfaces that confined an aqueous phase displayed super oil repellency 

underwater.8 In the past, these two distinct bio-mimicked wettabilities were rationally 

associated with developing membranes for gravity-driven oil/water separations from mostly 

two-phase oil/water mixtures. In 2004, a seminal report from Jiang and co-workers4 

demonstrated the rational integration of lotus leaf-inspired superhydrophobicity with metal 

mesh for gravity-driven removal of oil spills from the contaminated aqueous phase, where the 

separated aqueous phase was accumulated on top of the metal mesh. Later, another 

membrane, decorated with a fish scale inspired underwater superoleophobicity, was 

independently and successfully exploited for gravity-driven selective filtration of an aqueous 

phase from an oil/water mixture, and the other oil/oily phase piled up on top of the 

membrane.9,10 Both of these approaches are highly efficient in gravity-driven active 

filtration/collection of a single liquid (either oil or water) phase from the respective two-

phase oil/water mixtures; however, the other liquid phase accumulates on top of the nature-

inspired selective liquid repellent membrane.4−10 This accumulated liquid phase on the top of 

the biomimicked individual membrane in such previously reported filtration based separation 

set-ups is likely to block the immediate filtration of the selective liquids—on further addition 

of any oil/water mixture again. Thus, the removal of that accumulated liquid phase from the 

top of the liquid-repellent membrane is essential prior to perform any further filtration based 

oil/water separation. Such obvious interruption in the oil/water separation process is likely to 
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impose a severe inconvenience/challenge for its practical utility. Moreover, in the reality, the 

polluted aqueous phase consists of both light and heavy oil/oily contaminants. Thus, the 

separation of oil/oily contaminants from three-phase oil/water mixtures —that consists of 

heavy oil, light oil, and aqueous phases under practically relevant severe settings, is more 

relevant to the existing practical challenge of remediation of oil spillage under diverse 

scenarios. In general, the demonstration of oil/water separation—even with two-phase 

mixtures under harsh and challenging settings, is rare in the literature as the durability of the 

reported bio-mimicked membranes is a major concern.11,12 To combat the durability issues, 

some important designs, including external stimuli assisted self-healing and self-repairable 

approaches are introduced.13−17 Such designs are fundamentally interesting and important; 

however, the external stimuli dependent restoration of bio-mimicked wettability in the 

practically relevant diverse settings are less appropriate for real-world applications.13−17 In the 

recent past, the concept of bulk bio-mimicked wettability that consisted of essential 

topography and appropriate chemistry—three-dimensionally in the reported materials found 

to be a highly promising approach for addressing the existing durability issues,18−20 and such 

designs are inherently capable of sustaining various abrasive exposures and continued to 

display uninterrupted bio-mimicked wettability even after removal of the top interface, 

without the aid of any external intervention.18−21 Such coatings with bulk liquid wettability 

were mostly developed on the geometrically simple planar substrates.18−21 The report on 

semipermeable membranes that would be embedded with such bulk bio-mimicked wettability 

is yet to be introduced in the literature. Such a material would be appropriate for (1) 

sustaining various abrasive exposures and (2) separating oil/water mixture successfully, 

under various severe settings. In the chapter 3, a common and facile synthetic procedure was 

adopted for developing two distinct and stretchable bio-mimicked coatings on the planar 

substrate. In this chapter, the multilayer coatings of chemically reactive polymeric 

nanocomplex (CRPNC) and amino graphene oxide (AGO) nano-sheets have been extended 

on a selected fibrous substrate following the same deposition process that was introduced in 

chapter 3. The rational post-chemical modifications of the covalently cross-linked and 

chemically reactive multilayers of CRPNC/AGO with primary amine-containing selected 

small molecules (i.e.; octadecylamine and glucamine) provided stretchable and durable 

superhydrophobic membrane (referred to as SHM) and underwater superoleophobic 

membrane (denoted as UWSOM) as shown in Figure 4.1. The synthesized membranes that 

were embedded with two distinct durable bio-mimicked liquids wettability were extended for 
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demonstrating the instant separation and collection of oil/water mixtures under challenging 

scenarios. The extreme liquid (oil/water) repellent and selective-liquid-permeable membranes 

(SHM and UWSOM) continued to separate oil/water mixture—even after incurring various 

severe physical/chemical challenges— including large tensile deformation (150%), creasing, 

winding, twisting, sand paper abrasion, sand drop test, adhesive tape peeling test, knife 

scratch test and prolonged (25 days) exposure to extremely acidic pH, basic pH, artificial 

seawater, river water, and UV radiation. A lab-made prototype was developed using such 

durable nature-inspired stretchable membranes (SHM and UWSOM), which was capable of 

selective separation/collection (above 98%) of oil/oily phase and aqueous phase—from three 

phases (light oil, heavy oil, and aqueous phase) oil/water mixture under practically relevant 

severe settings. 

 

4.2. Experimental Section 
4.2.1. Materials 

  Dichloroethane, chloroform were procured from Merck Specialties Private Limited, India. 

Silicon oil was purchased from Fisher scientific. Polyurethane based fibrous substrate, 

polypropylene tube, soybean oil, vegetable oil and kerosene oil were brought from a local 

shop in Guwahati city (Assam, India). Motor oil (Castrol Active 20W-40) was purchased 

from Castrol India Ltd. at IIT Guwahati, Assam. Sources of other chemicals have already 

been mentioned in the Chapter 2. 

4.2.2. General considerations 

 All the details related to the used instruments have been provided in the Chapter 2. 

4.2.3. Synthesis of amino graphene oxide (AGO) 

 The detailed synthetic procedure of amino graphene oxide has been discussed in the Chapter 

2. 

4.2.4. Fabrication of reactive multilayers on the fibrous substrate and post chemical 

functionalization of the multilayers 

 The ‗reactive‘ multilayer of CRPNC/AGO was prepared and further post-modified with a 

primary amine-containing small molecule (i.e., octadecylamine for superhydrophobicity and 

D-glucamine for the underwater superoleophobic property) following the same protocol that 

is discussed in the Chapter 3. However, insists of using a PDMS substrate, the multilayer 

coating was deposited on a fibrous substrate (PU) and the layer-by-layer deposition cycle was 

repeated for 10 times instead of 15 times. 
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4.2.5. Investigation of physical/chemical durability 

 A variety of physical and chemical durability tests were performed using SHM and UWSOM 

materials. The detailed procedures for each experiment are described in the following 

sections; 

4.2.5.1. Physical manipulations and deformations 

 The multilayers coated fibrous substrates (both SHM and UWSOM) were subject to various 

practically relevant physical manipulations—including creasing, twisting and wending for 

multiple times (10 times). Thereafter, the respective liquid wettability was examined 

following the standard process. Furthermore, these extreme liquid-repellent membranes 

(SHM and UWSOM) were exposed to manual physical deformation where the tensile strain 

was gradually increased up to 150 %. The impact of this large tensile deformation on the 

embedded liquid wettability was examined with dynamic contact angle measurements and 

visual inspections. 

4.2.5.2. Sand paper abrasion test 

 In this particular abrasion test, an abrasive sand paper (with 400-grit) was manually rubbed 

across the extreme liquid-repellent membranes for 20 cycles—with an applied pressure of 

110 kPa and sliding speed ~4 cm/s. After this sand paper test, the liquid (oil/water) 

wettability was examined with visual inspection and contact angle measurements. 

4.2.5.3. Sand drop test  

Both SHM and UWSOM that are attached on a glass slide, were tilted at 45°, and then 150 g 

of sand grains were dropped from a distance of 20 cm on both the nature-inspired 

membranes. The embedded superhydrophobicity (in air) and superoleophobicity (under 

water) were examined with visual inspection and contact angle measurements, before and 

after performing this physical abrasion test. 

4.2.5.4. Adhesive tape test  

Firstly, freshly exposed adhesive surfaces were exposed to the SHM and UWSOM with an 

applied pressure of 110 kPa. This applied load facilitated better contact between the adhesive 

surface and the surface of the biomimicked membranes. Then, the adhesive tape was 

manually peeled off from the respective coatings multilayers. This test was repeated for ten 

times, prior to examining the liquid wettability on the adhesive tape treated interfaces. 

4.2.5.5. Exposure to complex aqueous environments and UV radiation 

 Both SHM and UWSOM substrate were submerged in different chemically harsh aqueous 

phases—including simulated seawater (solution of 0.226 g MgCl2, 0.325 g MgSO4, 2.673 g 
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NaCl, and 0.112 g CaCl2 in 100 mL of deionized water), acidic (pH = 1) and alkaline (pH = 

12) solutions, river water (Brahmaputra river, Assam, India) for 25 days. Such super liquid-

repellent membranes are also kept under UV radiation (254 nm and 365 nm) for 25 days at 

ambient temperature. Then, the liquid wettability was examined on the treated interfaces with 

contact angle measurements of beaded liquids droplets. 

4.2.5.6. Gravity-driven simultaneous separation of oil-water mixture 

 For proof of concept demonstration of simultaneous separation and followed by the 

collection of two distinct liquid (oil/water) phases from their respective mixtures, a prototype 

was developed by strategic use of the synthesized SHM and UWSOM. Two ends opening of 

a polypropylene tube was blocked with these two distinct liquids repellent membranes, and a 

surface hole was made at the middle of the tube for transferring the oil/water mixture—using 

a glass funnel. A variety of oil/water mixtures that were formulated artificially by mixing 

both heavier (DCM, chloroform) and lighter (kerosene, motor oil, vegetable oil, silicon oil) 

oils, were tested with this prototype, where simultaneously and selectively oil phase was 

passed through the SHM and the only aqueous phase was filtrated through the UWSOM, and 

these two separated liquid phases were individually collected in two separate containers. 

 

4.3. Results and Discussion 
4.3.1. Synthesis of stretchable biomimicked membranes 

 In the chapter 3, highly stretchable superhydrophobic and underwater superoleophobic 

multilayer coating have been introduced through a covalent LbL deposition process of 

chemically reactive nanocomplex (CRPNC) and amino graphene oxide (AGO) followed by 

appropriate chemical modification. In this chapter, the previous process was further extended 

for synthesizing both stretchable and durable superhydrophobic membrane (SHM) and 

underwater superoleophobic membrane (UWSOM) for oil-water separation as shown in 

Figure 4.1. Both CRPNC and AGO were consecutively deposited on the strategically selected 

stretchable fibrous substrate (Figure 4.2A-D). The size of the CRPNC was noticed to be 

increased rapidly (from 60 to 465 nm) with increasing the deposition cycle as confirmed with 

the dynamic light scattering study (Figure 4.2E). Compare to the earlier design,22,23 the 

desired liquid repellent properties were optimized in the fibrous substrate with significantly 

lesser deposition steps. After repeating the deposition cycles of CRPNC and AGO for 10 

times, the morphology of the fibrous substrate was examined with FESEM study, and it was 

compared with native featureless fibers of the selected substrate (Figure 4.2F). Random 
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granular domains on each of the fibers of the selected substrate were observed under FESEM  

(Figure 4.2G) after the deposition of multilayers of CRPNC/AGO. 

Further, this multilayer coating was examined with standard FTIR spectral analysis,21−25 

where the appearance of characteristic IR signatures at 1410 cm−1 and 1735 cm−1 that are 

corresponding to (i) the C−H stretching of the β-carbon of the vinyl group and (ii) carbonyl 

stretching, respectively, confirmed the existence of residual acrylate groups. Furthermore, 

these residual acrylate groups of readily reacted with primary amine-containing two distinct 

small molecules i.e., octadecylamine (hydrophobic small molecule) and glucamine 

(hydrophilic small molecule). After the postmodifications with these selected small 

molecules, a significant change in IR peak intensity was noted at 1410 cm−1. The change in 

IR peak intensity at 1410 cm-1 was normalized with respect to the IR peak intensity for 

carbonyl group at 1735 cm−1 as the carbonyl groups remained unperturbed during the 1,4-

conjugate addition reaction between the amine-containing small molecules and the residual 

acrylate groups of the multilayers (Figure 4.2L). Thus, the simple demonstration revealed the 

ability of the residual acrylate functional group in modulating the essential chemistry of the 

hierarchically featured multilayers coatings. Eventually, such design allowed to associate 

distinct liquid wettability to the selected fibrous substrate. The octadecylamine treated 

membrane repelled water in air with a contact angle of ∼157° (Figure 4.2H, I), whereas the 

same multilayer-coated membrane became underwater superoleophobic with an advancing 

contact angle of ∼161°, after post-treatment with glucamine as shown in (Figure 4.2J, K). 

 

Figure 4.1. Residual acrylate groups in the multilayer coating allowed post-modification of the multilayer 
coatings with octadecylamine and glucamine. These octadecylamine and glucamine treatments provided 
both the superhydrophobic (SHM) and underwater superoleophobic membranes (UWSOM), respectively. 
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The embedded liquid wettability was highly nonadhesive as the beaded liquids (oil/water) 

droplets are readily rolled off on the slightly tilted interfaces (5° for SHM and 4° for 

UWSOM) as shown in Figure 4.2M-T. Moreover, both streams of water (in the air) and oil 

(under water) bounced away from the nature-inspired SHM and UWSOM respectively, as 

shown in Figure 4.2V, X which suggested the existence of durable nature-inspired 

wettability. The bio-mimicked interfaces were tilted with the large angles for improving 

visual inspection of these bouncing phenomena of water and oil on SHM (in the air) and 

 

Figure 4.2. A-D) Digital image (A, C) and contact angle image (B, D) of beaded water (in air) and oil 
(under water) droplets on the bare fibrous substrate. E) DLS study illustrating the growth of nano-
complexes in the BPEI/5 Acl mixture with increasing the number of bilayers deposition cycles. F, G) 
FESEM images of the fibrous substrate before (F) and after (G) deposition of the multilayer (10 bilayers) 
coating. H−K) Digital image (H, J) and contact angle image (I, K) of beaded water (in air) and oil (under 
water) droplets on the multilayers coated fibrous substrate, after post-treatment with octadecylamine (H−I) 
and glucamine (J−K), respectively.  L) FTIR spectra of the multilayer coating before (black) and after 
post-treatment with octadecylamine (red) and glucamine (blue) molecules. M-T) Demonstration of the 
rolling of beaded water (M-P; 5μL) and oil (DCE: model oil; Q-T; 5μL) on the tilted SHM (5˚) in air and 
UWSOM (4˚) under water. U-X) Digital images illustrating the wetting (U, W) and bouncing (V, X) of 
streams of DI water (in air, U-V) and DCE (model oil, under water, W-X) on the bare fibrous substrate 
(U-W), on the superhydrophobic membrane (V), and on the superoleophobic membrane (X). 
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UWSOM (underwater), respectively. As expected, the streams of both oil and water failed to 

bounce on a bare fibrous substrate as shown in Figure 4.2U, W.  

4.3.2. Investigation of the physical/chemical durability of biomimicked wettability 

These extreme and selective liquid-repellent membranes were exposed to physically more 

severe challenging settings like tensile deformation which is generally known to perturb the 

extreme liquid wettability. The synthesized biomimicked interfaces remained capable of 

incurring more tensile strain (total 150%), without compromising the embedded nature-

inspired extreme liquid (oil/water) wettabilities. Superhydrophobicity (in air) and 

superoleophobicity under water. Both the aqueous (in air) and the oil (under water) droplets 

beaded on the octadecylamine (SHM) and glucamine (UWSOM) treated multilayer coating 

with liquid contact angle above 150° as shown in Figure 4.3A−D, I. 

Furthermore, these super liquid wettabilities remained unperturbed even after exposing these 

 

Figure 4.3. A−D) Digital image (A, C) and contact angle image (B, D) of beaded water (A, B; in air) and oil 
(C, D; under water) droplets on the stretched (with 150% tensile stain) SHM (A, B) and UWSOM (C, D). E-
H) Digital (E, G) and contact angle (F, H) images of beaded water (in air; E, F) and oil (under water; G, H) 
droplet on SHM and UWSOM that are repetitively (1000 times) deformed with 150% tensile strain. I) Plot 
accounting for the change in static contact angle of beaded water (black line indicating water wettability in 
air) and oil (red line denoting oil wettability under water) droplets on the SHM (black) and UWSOM (red) 
during gradual increment of the tensile strain from 0% to 150%. J) In the plot, black and red lines illustrating 
the changes in water (in air) and oil (under water) wettability during successive (1000 times) tensile 
deformations of SHM and UWSOM, respectively. 
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nature-inspired extremely liquid-repellent membranes (SHM and UWSOM) to large (150%) 

tensile deformation for 1000 times as shown in Figure 4.3E−H, J. 

Thus, the current single chemical approach provided highly stretchable two distinct super 

Figure 4.4. A,D,G) Digital images of SHM that is manually creased (A), winded (D) and twisted (G). 
B,C,E,F,H,I) Digital image and contact angle (inset) images of the beaded water droplet on the SHM after 
incurring creasing (B), winding (E) and twisting (H), and this water wettability was further examined after 
application (C,F,I) of 150% tensile strain. J,M,P) Digital images of UWSOM that is manually creased (J), 
winded (M) and twisted (P). K,L,N,O,Q,R) Digital image and contact angle (inset) images of the beaded 
water droplet on the UWSOM after incurring creasing (K), winding (N) and twisting (Q), and this water 
wettability was further examined after application (L,O,R) of 150% tensile strain. 
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liquid-repellent membranes (SHM and UWSOM), such demonstrations are rare in the 

literature.21−26 Then, both the SHM and UWSOM were exposed to various common and 

practically relevant physical manipulations, including creasing, winding, and twisting each 

for ten times (Figure 4.4A, D, G, J, M, P); however, both oil (under water) and water (in air) 

repellency remained unaffected with the liquid contact angles above 150° (Figure 4.4B-I, K-

R). Further, these nature-inspired wettabilities of the SHM and UWSOM were examined after 

performing various other severe physical abrasive tests (Figure 4.5) following standard 

reported protocols.11 First, both SHM and UWSOM were immobilized on the double-sided 

adhesive surface and then brought in contact with an abrasive sand paper, Both the 

biomimicked membranes were rubbed manually with back and forth motion (with an average 

speed of ∼4 cm/s, this speed can be manually tailored) for 20 times under applied pressure of 

110 kPa and this applied pressure is significantly higher compared to the pressure (below 15 

kPa) imposed in the commonly reported demonstrations.11 During this severe physical 

abrasion process, the top portion of the coating was affected, however, both nonadhesive 

super liquid wettabilities of the membranes (SHM and UWSOM) remained unaltered with 

liquid contact angle above 150° as shown in Figure 4.5A, B, M, and N. Moreover, the 

nonadhesive superhydrophobicity and underwater superoleophobicity remained unaltered 

even after performing the adhesive tape peeling test on the synthesized stretchable 

membranes (SHM and UWSOM) as shown in Figure 4.5E, F, Q, and R. A freshly exposed 

adhesive tape was brought in contact with SHM and UWSOM with an applied pressure of 

110 kPa for 1 min for improving contact between the adhesive surface and bio-mimicked 

membranes, and the synthesized SHM and UWSOM faced a severe abrasive challenge during 

the process of peeling the bio-mimicked membranes from the adhesive surface. Further, a 

knife scratch test was performed on the synthesized SHM and UWSOM, where the top 

surface of the biomimicked coatings were exposed to manual and random physical scratches, 

however that embedded liquid repellency remained unaffected as shown in Figure 4.5I, J, U 

and V. All the SHM and UWSOM that were exposed to severe physical abrasive tests, were 

further exposed to large (150%) tensile strain, and the physically deformed membranes (SHM 

and UWSOM) displayed extreme liquid repellency as shown in Figure 4.5C, D, G, H, K, L, 

O, P, S, T, W, and X. Such impeccable durability of the synthesized biomimicked membranes 

is rare in the literature. The exemplary tolerance of the biomimicked wettability in the 

synthesized SHM and UWSOM under various severe physical abrasive settings is likely due 

to bulk (both top interface and interior) optimization of essential chemistry and topography in 

TH-2641_156122052



Chapter 4 
 

96 | P a g e  
 

the polymeric multilayers coatings through 1,4 conjugate addition reaction between amine 

and acrylate groups. 

Eventually, both the top interface and interior of the coating remained inherently capable of 

displaying super liquid wettability. Thus, the exposed interior of the coating after performing 

the severe physical abrasions tests remained efficient in displaying extreme liquid repellency. 

Next, the chemical durability of the embedded liquid (oil/water) wettabilities of SHM and 

UWSOM was investigated in detail, where both of these membranes were continuously 

exposed to various chemically harsh aqueous phases including highly acidic (pH 1)/alkaline 

(pH 12) water, artificial seawater, and river water (Brahmaputra river water, Assam, India) 

for 25 days. However, both SHM and UWSOM continued to display the embedded 

nonadhesive superhydrophobicity (in air) and superoleophobicity (under water), respectively, 

Figure 4.5. A−L) Digital image (A, E, I) and contact angle (B, F, J) images of the beaded water droplet on 
the SHM in air, after performing sand paper abrasion test (A, B), adhesive tape peeling test (E, F), knife test 
(I, J). Further, the water wettability examined after exposing these treated SHM to 150% tensile 
deformations (C, D, G, H, K, L). M−X) Digital image (M, Q, U) and contact angle (N, R, V) images of the 
beaded oil droplet on the UWSOM, after performing sand paper abrasion test (M−N), adhesive tape peeling 
test (Q−R), and knife test (U−V). Further, the oil wettability examined after exposing these UWSOM to 
150% tensile deformations (O, P, S, T, W, X). Y, Z) Plots accounting the embedded water (in air, Y) and oil 
(under water, Z) wettabilities on the SHM (Y) and UWSOM (Z) after exposures to various chemically and 
radiative severe conditions including extremes of pH (1 and 12), river water, artificial seawater, and UV 
irradiation (at λmax = 254 and 365 nm) for prolonged duration (25 days). 
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with liquid contact angles above 150° as shown in Figure 4.5Y, Z. At the end, both SHM and 

UWSOM were exposed to another practically relevant challenge that is prolonged UV 

radiation where both the membranes were placed under UV radiation at two different 

maximum wavelengths (i.e.; 254 and 365 nm) simultaneously for 25 days. However, both the 

membranes remained efficient to display nonadhesive superhydrophobicity/underwater 

superoleophobicity, with liquid contact angle above 150° (Figure 4.5Y, Z).  

4.3.3. Parallel collection of oil and aqueous phases from oil/water mixtures 

The highly durable and stretchable synthesized membranes (SHM and UWSOM) that 

displayed uninterrupted extreme water (in air) and oil (under water) repellency even after 

exposures to severe physical and chemical challenges were explored in developing a 

prototype for proof of concept demonstration of simultaneous separation followed by the 

collection of two distinct separated liquid phases (oil and water) in individual containers. So, 

a polypropylene tube (diameter 3 cm, length 4.3 cm) with one surface hole (1.5 mm) at the 

middle of the tube was selected for preparing the above-mentioned prototype, where either 

ends opening of the tube were tied with SHM and UWSOM as depicted in Figure 4.6A. 

 
The surface hole was used for pouring different oil/water mixtures. Then, oil/water mixtures 

consisting of 10 mL aqueous phase (colored with added dye for improved visualization) and 

10 mL of kerosene (model light oil) were transferred into the prototype using a glass funnel 

 

Figure 4.6. A) Schematic illustrating the selective and simultaneous collection of both oil and aqueous 
phases from its mixture using lab-made prototype, where the superhydrophobic membrane (SHM) and 
underwater superoleophobic membrane (SOM) selectively allowed to pass separated oil and aqueous 
phase, respectively. B−D) Digital images illustrating the collection of light oil (kerosene) and water from 
its mixtures.  E−G) Digital images describing the collection of heavy oil (dichloroethane, DCE) and water. 
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as shown in Figure 4.6B-C, the aqueous phase was selectively passed through the UWSOM 

which was attached at the right end of the prototype and the oil-free aqueous phase was 

collected in a container that was placed under the prototype. Simultaneously, kerosene also 

selectively passed through the SHM that was attached at the other end of the prototype, and 

the selectively filtrated oil phase was collected in another container right under the prototype 

as shown in Figure 4.6B-C. Thus, two different liquid phases were separated from the 

oil/water mixture and collected in individual containers. No accumulation of any liquid phase 

was noted on the top of the used membranes at the end as shown in Figure 4.6D, and such 

success was attributed to the rational and combinatorial function of two distinct nature-

inspired interfaces. Further, this prototype was explored for separating/ collecting heavy oil 

(dichloromethane (DCE), model heavy oil) and aqueous phase simultaneously from the 

respective oil/water mixture as shown in Figure 4.6E−G. The efficiency of the separated 

water/oil phase is calculated following the given equation; 

                                                      S = (Vs/Vc) X 100 

Where S = separation efficiency of the liquids and Vc and Vs represented the volume of the 

corresponding liquid before and after selective filtration, respectively. The lab-made 

prototype was also found to be highly efficient (above 98%) in separating and collecting 

various other oil/ aqueous mixtures irrespective of (a) density, (b) surface tension, and (c) 

viscosity of the used oil phases (vegetable oil, silicone oil, motor oil, dichloromethane, and 

chloroform) as shown in Figures 4.7A. After the oil/water separation, the underwater 

superoleophobic membranes continued to repel oily phases extremely, and thus, the 

synthesized biomimicked membranes remained appropriate and efficient for long-term use in 

oil/water separation. Further, various oil/water mixtures contaminated with highly acidic (pH 

1) and alkaline (pH 12) aqueous phase, artificial seawater, and river water, were successfully 

separated using this same prototype as shown in Figure 4.7B. Furthermore, the membranes 

(SHM and UWSOM) that were exposed to the prolonged (25 days) UV irradiation 

(simultaneously at λmax = 254 and 365 nm) and successively (1000 times) stretched with 

150% TS, were also found to be efficient in isolating/ collecting oil and aqueous phases 

simultaneously. The current prototype allowed selective and simultaneous filtration of both 

oil and aqueous phases, without accumulating any single phase on top of the used 

membranes. After performing the simultaneous separation and collection of the respective 

liquid phase from the oil/water mixture, the membrane was air-dried before repeating this 

oil/water separation process with the same SHM and UWSOM. The oil/water separation 
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process was repeated successfully for a minimum of 25 times, without the aid of any external 

interventions as shown in Figure 4.7C.  

The successive wetting and drying of biomimicked membranes with a respective liquid phase 

 

Figure 4.7. A) Plot accounting for separation efficiency of simultaneous oil (orange) and aqueous (blue) 
phase separation efficiency from various oil/water mixtures, irrespective of the viscosity, surface tension, 
and density of used oils. (B) Plot illustrating the successful separation, followed by collection of two 
distinct liquid phases (oil (orange) and water (blue)) from respective oil/water mixtures where the aqueous 
phase was varied from highly acidic, alkaline, artificial seawater to river water, and the effect of large 
(150%) physical deformation on its separation performance is also examined. (C) Bar graph representing 
the ability of repetitive (minimum 25 times) oil (orange) and aqueous (blue) phase separation using the 
same lab-made prototype. 
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have no noticeable impact on the oil/water separation performance. Moreover, the 

uninterrupted oil/water separation in various harsh settings attributed to the existence of (a) 

covalent optimization of essential chemistry and (b) robust covalent cross-linkages in the 

multilayers through the same 1,4-conjugate addition reaction. 

Most of the designs of biomimicked interfaces are optimized by associating delicate 

chemistries (i.e., metal−thiol bond and metal−ion interaction, UV sensitive silane chemistry, 

etc.) and such designs are inappropriate for application in diverse challenging settings.27−36 

As a consequence, the demonstration of oil/water separation performance with the reported 

materials under severe scenarios are rare in the literature.37−39 Meanwhile, the current 

 

Figure 4.8. A−C) Digital images illustrating the separation of three phase (light oil/water/heavy oil) 
oil/water mixtures using the prototype made out of stretchable membranes (SHM and UWSOM) that are 
embedded with two distinct biomimicked liquid wettabilities. C) Both the heavy (DCE, red color) and 
light (kerosene, blue color) oils selectively passed through the SHM, and the colorless aqueous phase was 
filtrated through the UWSOM and collected in two separate containers. D) Graph accounting for the 
separation efficiency of both aqueous phase (blue) and oil phase (orange) under various severe settings, 
where the DI water was replaced with various chemically complex aqueous phases where the same lab-
made prototype. 
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approach allowed utilization of these nature-inspired interfaces in the remediation of oil 

spillages under various severe practically relevant scenarios.  

4.3.4. Separation of oil and water from three phases oil/water mixture 

The demonstration of parallel collection of oil and aqueous phase from the respective 

oil/water mixtures, and the performance of stretchable biomimicked membranes (SHM and 

UWSOM) in oil/water separation under practically relevant severe settings, inspired us to 

extend this approach for separation of the oil and aqueous phase from three-phase (light oil, 

aqueous phase, and heavy oil) oil/water mixtures. The oil/ water mixture that consisted of 

three phases kerosene (top layer, blue), DI water (middle layer, colorless), and DCE (a 

bottom layer, the added red color aids visual inspection) was poured into the lab-made 

prototype. Instantly both the heavy and light oil phases selectively passed through the SHM, 

whereas the aqueous phase was collected in a separate beaker after selective filtration through 

the UWSOM as shown in Figure 4.8A−C. The collected aqueous phase was found to be 

completely colorless (Figure 4.8C), which strongly suggested that the separated aqueous 

phase is free from both heavy and light oils. The collection efficiency of the separated oils 

and DI water were estimated to be above 98% as shown in Figure 4.8D. Moreover, this 

separation performance remained unaffected, even after replacing the DI water with 

practically relevant and more complex aqueous phases (e.g.; highly acidic, strongly basic, 

artificial seawater, river water) as shown in Figure 4.8D. Such unprecedented demonstration 

is highly relevant for the remediation of water pollution in practical and diverse settings.  

 

4.4. Conclusion 
In conclusion, this chapter introduced a facile and single chemical approach for the synthesis 

of durable and stretchable superhydrophobic (in air) and superoleophobic (under water) 

membranes—for the first time. These synthesized membranes were strategically exploited in 

a combinatorial act of two distinct nature-inspired (lotus leaf and fish-scale) wettabilities —

superhydrophobicity and superoleophobicity—for parallel and selective separation of various 

oil/water mixtures repetitively—irrespective of surface tension, density, and viscosity of the 

used oil phase and chemical complexity in the aqueous phase. This current approach does not 

demand any external intervention to collect separated liquid phases from the respective 

oil/water mixture. Such an energy-efficient and unprecedented approach was further 

successfully extended for the separation of oil and aqueous phases from three-phase oil/water 

mixtures. The oil/water separation performance remained unperturbed even after associating 
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practically relevant severe and complex aqueous phases (i.e.; extremes of pH, artificial 

seawater, river water). 
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Title: Magnetically Active Confined Superhydrophobicity for Emulsions 

Separation at Challenging Conditions* 
Regular off-shore bulk crude oil spill accidents and uncontrolled discharge of emulsified 

industrial waste-water are growing concerns as oil contamination in open water reservoirs 

poses a severe global threat to the aqua eco-system. In the past, bio-inspired 

superhydrophobic sponges and membranes were successfully used for selective absorption 

and filtration based ‗bulk‘-oil separation from oil/water mixtures. However, the 

superhydrophobicity embedded on these macro-scale objects (sponge and mesh) is 

fundamentally inappropriate for remediating tiny oil-in-water emulsion droplets as the bulk 

aqueous phase prevents the access of submicron oil droplets to the selective superoleophilic 

interfaces. In addition to this, the coating of various chemicals—including asphaltenes, 

resins, and naphthenic acids around the crude oil droplets pose a severe challenge to oil/water 

separation; unlike other emulsions that are made out of refined oils. Thus, the design of a 

single high throughput approach for separation of both water-in-oil and oil-in-water 

emulsions in practically relevant harsh and challenging settings is extremely important for the 

efficient remediation of oil/oily pollutants. In the chapter 5, an adequate optimization of both 

hierarchical topography and low surface energy chemistry in a confined space (in the order of 

μm dimensions) of GO nanosheets was extended for achieving magnetically active and 2D 

‗confined-super-water repellence‘. A chemically reactive polymeric nanocomplex was 

covalently deposited on the GO-nanosheets through a facile 1,4-conjugate addition reaction 

for adopting a chemically reactive and hierarchically featured polymeric interface. 

Simultaneously, the deposition of iron oxide nanoparticles on the 2D nanosheets rendered the 

entire material magnetically active. The post-covalent modification of these 

chemically/magnetically active and hierarchically featured GO-nanosheets with 

octadecylamine (ODA) yielded magnetically active and 2D ‗confined-superhydrophobicity‘. 

Further, this synthesized material was extended for addressing highly relevant and severe 

global challenges of ‗oil-in-water‘ and ‗water-in-oil‘ emulsion separation by either selective 

collection (with an efficiency of above 1000 wt%) of tiny oil droplets from bulk water or 

forming magnetically active ‗Pickering-type‘ aqueous droplets, respectively, under various 

practically relevant harsh conditions, including extremes of pH, salinity, surfactant 

contamination, etc.  

 

 

* A. Das, K Maji, S Naskar, U. Manna. Chem. Sci., 2020, 11, 6556. 
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5.1. Introduction 
In the past, various porous and bulk substrates including polyurethane sponge, fibrous cotton 

and melamine formaldehyde sponge, were endowed with superhydrophobicity for achieving 

a very high oil absorption capacity.1-6 In general, such materials, with a very high absorption 

capacity, were appropriate for removing the floating and sediment bulk oil phase from 

aqueous media.7-11 However, such bulk superhydrophobic substrate remained inefficient for 

emulsion separation. The most important requirement for emulsion separation is easy 

accessibility of oil droplets to the selective oil-absorbent interface in the emulsion solution. In 

reality, superhydrophobic bulk materials have (i) less available surface area to interact with 

emulsified oil droplets. Moreover, it is always challenging to (ii) keep a large and bulk 

superhydrophobic material submerged underwater, as highly porous and spongy 

superhydrophobic materials loaded with a large amount of trapped air prefer to float on the 

air/water interface.3-6 Eventually, the low accessibility of emulsified oil droplets to the bulk 

superhydrophobic interface is likely to pose a severe challenge in separating different 

practically relevant and viscous oils (e.g. crude oil, vegetable oil, motor oil, etc.) from their 

respective emulsion solutions. Recently, some superhydrophobic sponges were used for early 

demonstrations of oil/water separation in emulsions that were prepared mostly using organic 

solvents and oils having the least viscosity (i.e., toluene, hexane, chloroform, gasoline, etc.).1-

3 However, such spongy materials would be inappropriate for collecting tiny water droplets 

from water-in-oil emulsions. In this chapter, a different approach has been introduced for (a) 

achieving easy accessibility of the oil absorbent interface to the dispersed oil-droplets in oil-

in-water emulsions and (b) forming magnetically active‘Pickering type‘ aqueous droplets to 

remove the aqueous phase from water-in-oil emulsions. Eventually, emulsified liquid phases 

were efficiently collected from both oil-in-water and water-in-oil emulsions using 

superhydrophobic GO nano-sheets at practically relevant diverse and severe conditions—

including the presence of surfactants, extremes of pH, salinity, etc. In the recent past, the 

confinement of bio-mimicked wettability on micro-meter scale objects emerged as a 

promising avenue for various smart applications—including miniaturized chemical reactions, 

detection of different analytes, confined catalytic activity, contamination-free tiny liquid 

droplet transport, etc. which are otherwise impossible to achieve with the same liquid 

wettability embedded on macro-scale objects.12–22 In the past, superhydrophobicity was 

achieved on microparticles by associating a low surface energy coating through weak 

chemical bonding/interactions—including metal–thiol bonding, hydrogen bonding, ionic 
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interactions, etc. These weak interactions and bondings are less likely to be sustained in 

practically relevant, diverse and harsh scenarios (i.e., extremes of pH, salinity, etc.). 

Therefore, the previously reported superhydrophobic microparticles remained mostly 

inappropriate for utilising under practically relevant harsh conditions, including extremes of 

pH, salinity, surfactant contamination, etc.12–18 Further, the confinement of biomimicked 

wettability on a flexible and 2D object through facile and robust chemistry could provide a 

simple basis for developing functional materials for prospective applications in ‗real-world‘ 

scenarios. In this chapter, the rational use of a 1,4-conjugate addition reaction provided a 

simple and single avenue for co-optimization of both the essential topography and 

appropriate chemistry on flexible 2D nanosheets. Moreover, the residual chemical reactivity 

of the confined space allowed to associate a wide range of other chemical functionalities 

through the facile 1,4-conjugate addition reaction under ambient conditions. Further, the 

association of iron-oxide nanoparticles and appropriate post-modification of the reactive 

nanocomplex coated GO-nanosheets resulted in achieving magnetically active ‗confined-

superhydrophobicity‘ that was capable of performing both in air and under oil. More 

importantly, in the past, the submicron particles that displayed either contrasting water 

wettability or extreme water wettability were extended for proof of concept demonstration of 

oil-in-water emulsion separation.13,14,17,19,20 However, the existing challenges of (a) poor oil 

absorption capacity (below 400 wt%), (b) inability to separate different (cationic, anionic and 

neutral) surfactant-stabilized emulsions (oil-in-water and water-in-oil) and (c) limited 

performance in harsh settings are some of the major practical concerns that need to be solved 

immediately for separating complex forms of various oil/water emulsions in‘real-world‘ 

scenarios.13,14,17,19,20 The synthesized 2D confined-superhydrophobicity was successfully 

extended for addressing all the above mentioned practically relevant challenges, where the 

synthesized material not only allowed to soak tiny crude-oil droplets, selectively, from the 

aqueous phase with a high absorption capacity (above 1000 wt%) but also formed 

magnetically active ‗Pickering-type‘ droplets for both coalescing and capturing emulsified 

sub-micron aqueous droplets from water-in-oil emulsions. Moreover, the currently 

synthesized materials remained highly efficient in (i) separating oil-in-water emulsions 

stabilized with different types of surfactants (cationic, anionic and neutral), irrespective of 

both (ii) the size distribution of emulsified oil droplets and (iii) nature of the used oils (i.e. 

crude and refined oils). Furthermore, (iv) such effective oil/water separation performance 

remained unaltered even at various practically relevant harsh conditions. 
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5.2. Experimental Section 
5.2.1. Materials 

Iron(II) chloride tetrahydrate was purchased from Alfa Aesar, India. A nickel neodymium 

magnet was purchased from a local shop in Guwahati city (Assam, India). Crude oil was 

obtained from Indian Oil Corporation Limited, Guwahati. Sources of other chemicals have 

already been mentioned in the previous chapters. 

5.2.2. General considerations 

The magnetic properties of synthesized materials were investigated by using a vibrating 

sample magnetometer (Make: Lakeshore, Model: 7410 series). XRD spectra were recorded 

using an Xray diffractometer (Make: Rigaku, Model: Micromax-007HF). All-optical 

microscopy images were recorded using a Confocal Laser Scanning Microscope (CLSM) 

(Make: Zeiss, Model: LSM 510Meta). XPS spectra were obtained using an X-ray 

Photoelectron Spectrometer (Make: Thermo Fisher Scientific Pvt. Ltd., UK, Model: 

ESCALAB Xi+). Other instrumental details have been provided in the Chapter 2. 

5.2.3. Synthesis of graphene oxide (GO) 

 The detailed synthetic procedure of graphene oxide (GO)  have been discussed in Chapter 2. 

5.2.4. Synthesis of magnetically active amino-graphene oxide (MAGO) 

At the beginning, 200 mg of graphene oxide (GO) powder was added to 200 ml of 50% nitric 

acid. Then, the solution of GO was kept for 24 h at room temperature with continuous 

agitation for preparing nitro-graphene oxide (NGO). Later, the reaction mixture was 

thoroughly washed with water and acetone followed by drying under vacuum. Thereafter, 

freshly prepared NGO (80 mg) was dispersed in 30 ml of water by sonication. Then, 160 mg 

iron(II) chloride tetrahydrate was added to the solution with continuous agitation for 30 

minutes at room temperature. Next, 1 ml of hydrazine hydrate was added to the reaction 

solution followed by the addition of 1 ml of ammonia solution (25%) to make the solution 

alkaline with constant stirring. The solution was kept under continuous agitation for 4 h, and 

then, the temperature was gradually increased to 70°C. The solution was allowed to attain 

room temperature and the magnetically active amino-GO (MAGO) sheets were collected by 

the application of a nickel-coated neodymium magnet. The separated MAGO sheets were 

thoroughly washed with water and acetone several times and finally dried under vacuum. 

5.2.5. Synthesis of chemically reactive and magnetically active graphene oxide 

(CRMAGO) 
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At first, solutions of BPEI (0.105 M with respect to the polymer repeat unit) and 5 Acl (0.084 

M) were prepared separately in methanol. Then, 125 mg MAGO was dispersed in (15 ml) of 

the 5 Acl solution by sonication followed by the addition of 1 ml of ammoniacal (25 mL of 

NH3) BPEI solution. Then the reaction mixture was kept for 1 h under continuous agitation 

for both the formation and in situ deposition of a chemically reactive polymeric complex on 

MAGO. At the end, a chemically reactive and magnetically active graphene oxide 

(CRMAGO) was collected using a neodymium magnet, and the synthesized material was 

thoroughly washed with THF 5 times and finally dried in a vacuum. 

5.2.6. Synthesis of magnetically active 2D superhydrophobic graphene oxide 

(MASHGO) 

The residual acrylate groups in the as-synthesized CRMAGO were further reacted with 

octadecylamine (ODA) through the 1,4-conjugate addition reaction to achieve a magnetically 

active and superhydrophobic graphene oxide (MASHGO). At first, a solution of 

octadecylamine (10 mM) was prepared in an ethanol medium. Then, dried CRMAGO was 

immersed in the solution for 8 h at room temperature. After the post-chemical modification, 

the material was thoroughly washed with ethanol several times. After vacuum-drying, the 

embedded superhydrophobicity was characterized through visual inspection and contact 

angle measurements. 

5.2.7. Separation of the bulk floating oil phase from the aqueous phase 

Synthesized MASHGO powder (50 mg) was placed on and around the floating oil phase (1 

ml). Immediately, the floating oil phase on the water phase was selectively absorbed by the 

MASHGO powder. Next, a neodymium magnet which was wrapped with cotton fabric was 

used to re-collect the MASHGO. During this process, both the floating crude oil and 

MASHGO were separated and collected from the aqueous phase. The used MASHGO was 

washed with ethanol and dried in a vacuum for successive use. 

5.2.8. Separation of the oil-in-water emulsion 

A 10 ml of Nile red-dyed oil was added to the 500 ml of deionized (DI) water and kept under 

continuous sonication for 1 h. Similarly, other emulsions were prepared using different 

complex aqueous phases, including extremes of pH (pH 1, and pH 12), river water and 

artificial seawater, without changing the composition of the oil in the respective emulsions. 

For preparing surfactant stabilized emulsions, the same composition of oil and aqueous 

phases was maintained, where three types of surfactants: (i) sodium dodecyl sulphate (SDS, a 

negatively charged surfactant; 1 mM), (ii) cetyl trimethyl ammonium bromide (CTAB, a 
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positively charged surfactant; 1 mM) and (iii) Triton-X solution (a neutral surfactant; 1 mM) 

were added into the aqueous phase. The prepared emulsions were characterized using 

fluorescence microscopy and dynamic light scattering study. Then, the synthesized 

MASHGO (25 mg) was added to a highly turbid oil-in-water emulsion (5 ml), and the 

mixture was manually and vigorously agitated for a few minutes. At the end, the magnet was 

applied to separate the oil-absorbed MASHGO sheets, which eventually provided an optically 

transparent aqueous phase. The successful separation of oil droplets from the aqueous phase 

was characterized through visual inspection, fluorescence microscopy and dynamic light 

scattering study. 

5.2.9. Separation of the water-in-oil emulsion 

First, 10 ml of the fluorescein dyed aqueous phase was added to 500 ml of oil and kept under 

continuous sonication for 1 h. Eventually, a highly turbid solution of the water-in-oil 

emulsion was formed. Similarly, the emulsions were prepared in different aqueous 

environments which included extremes of pH (pH 1, pH 12), river water and artificial 

seawater with the same composition as the emulsion. For the surfactant stabilized emulsion, 

aqueous phases were individually contaminated with three types of surfactants—including 

SDS (1 mM), CTAB (1 mM) and Triton-X solution (1 mM) prior to preparing water-in-oil 

emulsions. All emulsions were characterized by visual inspection, fluorescence microscopy 

and dynamic light scattering study. Thereafter, the same MASHGO (50 mg) was added to the 

10 ml water-in-oil emulsion, followed by manual agitation for a minute. MASHGO helped in 

capturing water droplets from the oil phase by forming a magnetically active ‗Pickering-type‘ 

aqueous droplet. This droplet was separated by the application of an external magnet and 

eventually, a water-free oil phase was obtained. 

 

5.3. Results and Discussion: 

5.3.1. Synthesis and characterization of chemically reactive and magnetically active 
graphene oxide 

In the past, two dimensional (2D) graphene oxide nanosheets have been routinely utilized to 

optimize the essential hierarchical topography on macro-scale objects for adopting 

superhydrophobicity.23-27 In contrast to the earlier conventional approaches, here, amino 

graphene oxide (AGO) nanosheets were strategically decorated with magnetically active 

Fe3O4 nanoparticles and a chemically reactive porous polymeric coating. In the current 

design, superhydrophobicity was embedded on the graphene oxide nanosheets having a large 
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surface area and high flexibility for efficient emulsified droplet separation. 

The large surface area of AGO facilitated the interaction between the superhydrophobic 

interface and emulsion droplets, and the flexibility of AGO allowed better arrangement 

around the water droplets in the oil phase of the water-in-oil emulsion. Eventually, rapid and 

efficient oil-in-water and water-in-oil emulsion separation were achieved. Firstly, 

magnetically active amino-graphene oxide (MAGO) was synthesized by depositing Fe3O4 

nanoparticles on nitro-graphene oxide nanosheets. The successful deposition of Fe3O4 

nanoparticles was confirmed by FTIR spectral analysis, transmission electron microscopy 

Figure 5.1. A) FTIR spectra of nitro-graphene oxide (NGO (black)) and magnetically active graphene 
oxide (MAGO (red)). B-C) TEM images of NGO (B) and MAGO (C). D) HRTEM images confirms the 
deposition of Fe3O4 nanoparticles on MAGO. E-G) XPS spectra of NGO (E) and MAGO (F-G).  
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(TEM), powder Xray diffractometer (XRD) spectra and X-ray photoelectron spectroscopy 

(XPS) characterization as shown in Figure 5.1. The FTIR spectra of MAGO revealed the 

existence of a strong broad peak at 590 cm-1 correspondings to the Fe–O bond which clearly 

indicated the successful oxidation of the Fe2+ ions to Fe3O4 (Figure 5.1A). During the course 

of this chemical reaction, the nitro-graphene oxide was reduced to amino graphene oxide 

(AGO) as evident from the appearance of an IR peak at 1610 cm-1 corresponding to the N–H 

bending of primary amine (Figure 5.1A). In the MAGO, Fe3O4 is likely to interact with the 

hydroxyl and amine group of the amino graphene oxide through co-ordination/hydrogen 

bonds. Additionally, the TEM images of MAGO clearly confirmed the deposition of Fe3O4 

nanoparticles (Figure 5.1B-C) with a lattice spacing of 0.29 nm which corresponds to the 

(100) plane of the deposited Fe3O4 nanoparticles on the AGO nanosheets as characterized 

with high-resolution transmission electron microscopy (HRTEM) imaging (Figure 5.1D). The 

successful deposition of Fe3O4 nanoparticles on MAGO was also reconfirmed by XPS 

analysis as shown in Figure 5.1E-G, where the appearance of binding energy peaks at 726.0 

eV and 711.7 eV for Fe 2p1/2 and Fe 2p3/2, unambiguously revalidated the successful 

deposition of Fe3O4 nanoparticles on MAGO (Figure 5.1E-G).30 Further, the X-ray diffraction 

(XRD) data further confirmed the crystalline nature of the Fe3O4 in MAGO where seven 

distinct diffraction peaks were observed at   30.2º, 35.7º, 37.1º, 43.4º, 53.6º, 57.2º, 62.8°, 

which can be ascribed to the lattice spacing of (220), (311), (222), (400), (422), (511), and 

(440) of Fe3O4, respectively. Based on these characterizations, it is clear that Fe3O4  decorated 

magnetically active reduce graphene oxide (MAGO) was successfully synthesized. Energy-

dispersive X-ray spectroscopic (EDX) analysis also confirmed the existence of Fe element 

(61.5 wt%) in the MAGO. Thereafter, a chemically reactive polymeric complex,28,29 

synthesized by mixing of BPEI and 5Acl under ambient conditions, was covalently integrated 

into MAGO. The amine groups of MAGO readily reacted with the residual acrylate groups of 

the polymeric complex under ambient conditions through the 1,4-conjugate addition reaction, 

and eventually yielded chemically reactive and magnetically active hierarchically featured 

GO nanosheets (CRMAGO) as shown in Figure 5.2A-B. The surface topography, residual 

chemical reactivity and magnetic properties of the synthesized CRMAGO were thoroughly 

characterized as shown in Figure 5.2D-E, F, K-M. The comparison of field emission scanning 

electron microscopy (FESEM) images of CRMAGO confirmed the successful 

immobilization of the polymeric complex as shown in Figure 5.2D-E. The random 

aggregation of the granular polymeric complex contributed to the construction of hierarchical 
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topography which is essential for exhibiting extreme water repellence. Further, the existence 

of residual chemical reactivity in the CRMAGO was investigated following the standard and 

widely accepted FTIR spectral analysis.  

In the FTIR spectra (Figure 5.2F), the appearance of IR peaks at 1409 cm-1 and 1735 cm-1 for 

the C–H deformation of the β-carbon of the vinyl groups and carbonyl stretching, 

respectively, validated the presence of residual acrylate groups—which were capable of 

reacting with alkylamines under ambient conditions.  

 

 

Figure 5.2. A-C) Schematic representating the Fe3O4 deposited magnetically active graphene oxide 
(MAGO, A), chemically reactive, magnetically active and hierarchically featured graphene oxide 
(CRMAGO, B), and further post modification with octadecylamine (ODA) provided magnetically active 
and confined superhydrophobicity (MASHGO, C). D–E) FESEM images of magnetically active 
superhydrophobic graphene oxide (MASHGO) in low (D) and high magnifications (E). F) FTIR spectra of 
the chemically reactive and magnetically active graphene oxide (CRMAGO) before (black) and after (red) 
ODA treatment. In the FTIR spectra, the IR peak at 1735 cm-1 and 1409 cm-1  corresponds to C=O 
stretching and C–H deformation of the β-carbon of the vinyl group  respectively. G–J) Static contact angle 
images of beaded water (G and H) and oil (I and J) droplets on CRMAGO (G and I) and MASHGO (H 
and J). K) Magnetization curves of MAGO (black), CRMAGO (red) and MASHGO (blue) at room 
temperature. L-M) Digital images illustrating the collection of MASHGO using a neodymium magnet (0.5 
T). 
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5.3.2. Achievement of confined superhydrophobicity by post covalent modification of 
CRMAGO 
 
The successful post-chemical modification of the CRMAGO with octadecylamine (ODA) 

resulted in the depletion of  IR peak intensity at 1409 cm-1 with respect to the IR peak at 1735 

cm-1 (served as the internal reference). During the 1,4-conjugate addition reaction between 

amine and acrylate groups, only the vinyl moiety of the acrylate groups were consumed—and 

the carbonyl moiety of the acrylate groups remained unaffected (Figure 5.2F). The post 

covalent modification of the CRMAGO with ODA altered the water wettability resulting in a 

transition from hydrophilicity (with a water contact angle of ~71°) to superhydrophobicity 

with a water contact angle of ~152°; however, the extreme oil affinity (with an oil contact 

angle of 0°) of the material remained intact as shown in Figure 5.2G-J. Next, the embedded 

magnetic properties in the synthesized materials were thoroughly characterized using a 

vibrating sample magnetometer (VSM). The MAGO displayed a paramagnetic behaviour 

with an S-shape magnetic hysteresis curve and a magnetic saturation value (Ms) of 50.7 emu 

g-1 as shown in Figure 5.2K. As expected, a change in the magnetic properties was clearly 

noted after depositing the chemically reactive hierarchical polymeric coating on MAGO. 

Nevertheless, the CRMAGO still remained highly paramagnetic with a magnetic saturation 

value of 27.3 emu g-1 as shown in Figure 5.2K. After the post-covalent modification of 

CRMAGO with ODA, the magnetic properties remained unaltered as noted in Figure 5.2K 

(blue line). Thus, magnetically active and superhydrophobic graphene oxide (MASHGO) was 

successfully synthesized.  Furthermore, a lab used a magnet (nickel coated neodymium 

magnet 0.5 T) when brought in close proximity to the material, immediately attracted the 

entire superhydrophobic GO powder as shown in Figure 5.2L-M. This MASHGO was further 

extended for addressing challenges related to comprehensive remediation of both oil-in-water 

and water-in-oil emulsion solutions, irrespective of the size distribution of emulsified 

droplets, under various practically relevant harsh conditions, including extremes of pH, 

salinity, surfactant contamination, etc.  

5.3.3. Oil-in-water/water-in-oil emulsion separation in challenging settings 
 
As a proof of concept demonstration, firstly, the synthesized MASHGO was placed at the 

crude oil/water interface where it selectively absorbed the floating oil phase from the aqueous 

phase as shown in Figure 5.3A-C. The oil absorbed MASHGO was collected from the 
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air/water interface using a neodymium magnet that was wrapped in the cotton fabric as 

shown in Figure 5.3D-E.  

The oil absorption capacity of the MASHGO was measured to be above 1000 wt% which 

was significantly higher than that of the reported superhydrophobic/Janus particles.13,14,17,19,20 

Further, the wrapped cotton fabric on the magnet was removed and manually squeezed to 

recollect the absorbed oil phase as shown in Figure 5.3F. The same procedure was followed 

to remove other floating oils (veg. oil, diesel and petrol) from the aqueous phase as shown in 

Figure 5.3G-X. MASHGO remained efficient to separate various oil phases. The same 

MASHGO could be reused for oil/water separation after ethanol-washing followed by air-

drying. The selective oil-absorption capacity remained mostly unaffected even after 50 times 

of successive use for oil/water separation (Figure 5.4A) and the extreme water repellence also 

remained unaltered. Further, this selective oil absorption performance remained unaffected, 

irrespective of the nature of oil/oily phases (i.e. petrol, diesel and veg oil; Figure 5.4B) used 

for preparing the respective oil/water mixtures. Moreover, it was found that the oil absorption 

ability of both the MAGO and CRMAGO was found to be significantly low as compared to 

that of MASHGO as shown in Figure 5.4B. Moreover, the performance of the MASHGO 

remained indistinguishable even in practically relevant challenging settings, including 

extremes of pH, seawater and river water (Figure 5.4C).  Next, the MASHGO was rationally 

 

Figure 5.3. A-X) Digital images demonstrating the separation and collection of different floating oils (crude 
oil (A-F), veg oil (G-L) and diesel (M-R), petrol (S-X)) from water/air interface by using MASHGO and 
external magnet, where floating oil phases (A, G, M, S) were exposed to MASHGO (B, H, N, T), and 
immediately respective oil phases were absorbed by MASHGO (C, I, O, U). D-F, J-L, P-R, V-X) The oil-
absorbed MASHGO was collected using fabric wrapped external magnet. 
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applied to separate both the oil-in-water and water-in-oil emulsions by either selective 

absorption of the oil phase or forming in situ magnetically active ‗Pickering-type‘ aqueous 

droplets, respectively.  

At first, a solution of the crude oil-in-water emulsion (2% v/v) was prepared, where water-

immiscible Nile red dye added crude oil aided both visual inspection and fluorescence 

microscopy characterization. Both the formation of emulsified oil droplets (with an average 

size of 1 mm) in the bulk aqueous phase and the removal of the same oil droplets after 

treatment with MASHGO were characterized through visual inspection, fluorescence 

microscopy imaging and dynamic light scattering (DLS) study (Figure 5.5). Two separate 

vials of the same crude-oil-in-water emulsion solution in the presence (right-side vial) and 

absence (left-side vial) of added MASHGO were agitated vigorously for 2.5 minutes, where 

the agitation paved the way towards easy access of emulsified oil droplets to MASHGO. 

With time, the fluorescence dye added emulsified oil droplets which caused scattering of 

 

Figure 5.4. Bar graphs accounting crude oil absorption capacity (black) and water wettability (red) of MASHGO 
after the repetitive (up to 50 cycles) uses. B) The plot comparing the oil-absorption capacity (wt.%) for various 
oils by MAGO (red), CRMAGO (blue), MASHGO (black). C) The plot accounts the crude oil-absorption 
capacity (wt.%) in presence of different and complex aqueous phases, including DI water, highly acidic, alkaline, 
artificial seawater to river water. 
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light, was selectively absorbed on MASHGO and the transmittance of the highly opaque and 

brown-colored emulsion solution significantly improved. 

After 2.5 minutes, the opaque, brown-colored emulsion became colorless and completely 

optically transparent (Figure 5.5G-I), where an external magnet was applied to separate 

MASHGO from the emulsion solution prior to measuring the transmittance. At the end, an 

oil-free aqueous phase was obtained on the application of the external magnet  (nickel coated 

neodymium magnet, 0.5 T) as confirmed with visual inspection (Figure 5.5G) fluorescence 

microscopy imaging (Figure 5.5H), dynamic light scattering (DLS) study  (Figure 5.5J). The 

 

Figure 5.5. A-B) Illustrations of the selective absorption of tiny crude oil droplets by magnetically-active 
superhydrophobic graphene oxide (MASHGO) from the water phase. C–H) Digital images (C, E and G) and 
fluorescence microscopy images (D, F and H) demonstrating crude oil-in-water emulsion separation ability 
of MASHGO, where the crude oil was labelled with Nile red. (C, E and G) Two separate vials of crude oil-
in water emulsions with (right-side vial) and without (left-side vial) MASHGO were agitated for 150 
seconds (C and E) before the application of a nickel coated neodymium magnet (G). I) A plot showing the 
change in transmittance (%) of the crude oil-in-water emulsion solution in the presence of MASHGO, where 
transmittance was recorded after the application of the external magnet. J) DLS study on the crude oil-in-
water emulsion before (black) and after (red) performing oil/water separation by MASHGO. 
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selective soaking of crude-oil by the aggregated MASHGO was confirmed via fluorescence 

imaging in Figure 5.5F, whereas, such a drastic change was not observed for the emulsion 

solution in the absence of MASHGO (Figure 5.5E). The 2D confined-superhydrophobicity 

played a crucial role in the successful and rapid separation of oil/water from oil-in-water 

emulsions. Moreover, the oil/water separation performance by the MASHGO remained intact 

even on increasing the percentage of crude oil in the respective oil-in-water emulsion. Again, 

this emulsified crude oil separation ability by the MASHGO remained unaltered in different 

harsh aqueous environments including high pH, low pH, seawater, and river water 

(Brahmaputra, Guwahati, Assam, India). Further, various natural and synthetic oils, which 

produce oil-water emulsions with different size distributions of oil droplets were also 

successfully separated using MASHGO as confirmed by visual inspection, DLS study and 

fluorescence microscopy imaging (Figure 5.6). The synthesized material remained efficient 

for the repetitive separation of the oil-in-water emulsion, at least 50 times. In general, the 

separation of the surfactant stabilized oil-in-water emulsion is a severe challenge, due to the 

existence of a protective layer of surfactant around the oil/oily droplets. In this current study, 

the same MASHGO was also extended for separating different surfactant stabilized oil-in-

water emulsions. The synthesized MASHGO displayed an unparallel ability for separating 

oil/water in different types of surfactant stabilized oil-in-water emulsions (2% v/v). The 

respective emulsions were prepared in the presence of a positively charged surfactant 

(CTAB, a concentration of 1 mM), negatively charged surfactant (SDS, a concentration of 1 

mM) and non-ionic surfactant (Triton-X, a concentration of 1 mM) as shown in Figure 5.7. 

Visual inspection, fluorescence imaging and DLS study unambiguously confirmed the 

successful removal of crude oil droplets from their respective surfactant stabilized emulsions 

as shown in Figure 5.7. Thus, the confined superhydrophobicity on GO nanosheets played an 

important role in the comprehensive remediation of oil spillages in practically relevant 

challenging settings. The application of the same MASHGO powder allowed the successful 

separation of micron/submicron-sized water droplets from various bulk oil phases as 

schematically demonstrated in Figure 5.8A-B. For the proof of concept demonstration, a 

water-in-oil emulsion (2% v/v) was prepared by mixing the fluorescein dyed aqueous phase 

in kerosene followed by continuous sonication for 1 hour. Fluorescence microscopy and DLS 

study of the emulsion confirmed the formation of micron/submicron-sized water droplets in 

kerosene and these aqueous droplets remained homogeneously suspended in the oil phase for 

several hours (Figure 5.8C-D). 
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Figure 5.6. A-X) Digital images (A-C, F-H, K-M, P-R), fluorescence microscope images (D-E, I-J, N-O, S-
T) and DLS plots (U,V,W,X) accounting successful separation of oil-in-water emulsions that were prepared 
using various oils (veg oil: A-E, U; diesel: F-J, V; petrol: K-O, W; kerosene: P-T, X), through selective 
absorption of respective oil droplets by MASHGO. The left-sided and right-sided vials of the dotted red 
lines denoted crude oil-in-water emulsion without and with MASHGO, respectively. D-E, I-J, N-O, S-T) 
Fluorescence microscope images of various oil-in-water emulsion before separation (D,I,N,S) and after 
separation (E,J,O,T) by MASHGO. U,V,W,X) DLS plots of various oil-in-water emulsions before (black) 
and after (red) oil/water separation by MASHGO. 
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However, the agitated water-in-oil emulsion in the presence of MASHGO formed 

magnetically active ‗Pickering type‘ droplets, where the MASHGO sheets facilitated the 

coalescence of submicron water droplets in the oil phase as shown in Figure 5.8E, F. Further, 

 

Figure 5.7. (A and B), (E and F) and (I and J)) Digital images of the crude oil-in-water emulsion before (A, 
E and I), and after (B, F and J) oil/water separation by MASHGO in the presence of anionic (SDS, A-B), 
cationic (CTAB, E-F) and neutral (Triton-X, I-J) surfactants. The left-side and right-side vials with the 
dotted red lines denote crude oil-in-water emulsions without and with MASHGO, respectively. (C and D), 
(G and H) and (K and L)) Fluorescence microscope images of the crude oil-in-water emulsion before (C, G 
and K) and after (D, H and L) oil/water separation by MASHGO in the presence of different surfactants. M, 
N and O) DLS plots of the crude oil-in-water emulsion before (black) and after (red) oil/water separation by 
MASHGO in the presence of SDS (M), CTAB (N), Triton-X (O). 

TH-2641_156122052



Chapter 5 
 

120 | P a g e  
 

the fluorescence microscopy images revalidated the formation of the ‗Pickering- type‘ 

emulsion where the non-fluorescent and black MASHGO sheets were wrapped around the 

large and fluorescent aqueous droplets as shown in Figure 5.8F. 

The inherent tendency of the synthesized MASHGO towards extreme water repellence in the 

oil phase provided the basis of forming a ‗Pickering-type‘ droplet as similar to the dry liquid 

marbles in air. Further, the hydrophobic particles have an energetic preference to settle at the 

 

Figure 5.8. A and B) Schematic illustrating the formation of magnetically active ‗Pickering type‘ droplets in the 
water-in-oil emulsion in the presence of MASHGO. C–H) Digital images (C, E and G) and fluorescence microscopy 
images (D, F and H) representing the water-in-kerosene oil emulsion before addition of MASHGO (C and D), after 
addition of MASHGO (E and F) and after the application of the external magnet (G and H). E and G) Digital images 
of two separate vials of the same water-in-kerosene oil emulsion solutions in the presence (right-side vial) or absence 
(left side vial) of added MASHGO. I) A plot showing the change in transmittance (%) of the water-in-oil emulsion 
solution in the presence of MASHGO during the course of oil/water separation, where the transmittance is recorded 
after application of the external magnet. J) DLS study on the water-in-oil emulsion before (black) and after (red) 
performing oil/water separation by MASHGO 
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water-oil interface of the water-in-oil emulsion and form the Pickering emulsion.31  

Further, the MASHGO wrapped water droplets were easily removed from kerosene by the 

 

Figure 5.9. A-C, F-H, K-M, P-R) Digital images of water-in-oil emulsions that were prepared using various 
oils (Diesel; A-C, petrol; F-H, Veg oil; K-M, bio-fuel; P-R), before (A, F, K, P), during (after 50 sec; B, G, 
L, Q) and after (C, H, M, R) oil/water separation by MASHGO. The left-sided and right-sided vials of the 
dotted red lines denoted water-in-oil emulsion without and with MASHGO, respectively. D-E, I-J, N-O, S-
T) Fluorescence microscope images of various water-in-oil emulsions ((Diesel; D-E, petrol; I-J, Veg oil; N-
O, bio-fuel; S-T)) before (D, I, N, S) and after oil/water separation (E, J, O, T) by MASHGO. U, V, W, X) 
DLS plots of various water-in-oil emulsion before (black) and after (red) separation by MASHGO (Diesel; 
U, petrol; V, Veg oil; W, bio-fuel; X). 
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application of an external magnet as shown in Figure 5.8G. Eventually, a completely clean oil 

phase with 100% transmittance was recovered (Figure 5.8I). 

Moreover, visual inspection (Figure 5.8G), fluorescence microscopy imaging (Figure 5.8H) 

and the DLS study (Figure 5.8J) revalidated this successful removal of aqueous contaminants 

from the oil phase by the MASHGO. This oil/water separation performance remained 

 

Figure 5.10. A-C, F-H, K-M) Digital images of water-in-kerosene oil emulsion before (A, F, K), during (after 
50 sec, B, G, L) and after (C, H, M) oil/water separation by MASHGO in presence of different surfactants 
(SDS; A-C, CTAB; F-H, Triton-X; K-M). The left-sided and right-sided vials of the dotted red lines denoted 
water-in-kerosene oil emulsion without and with MASHGO. D-E, I-J, N-O) Fluorescence microscope images 
of water-in-kerosene oil emulsion before (D, I, N) and after (E, J, O) oil/water separation by MASHGO in 
presence of different surfactants (SDS; D-E, CTAB; I-J, Triton-X; N-O). P, Q, R) DLS plots of water-in-
kerosene oil emulsion before (black) and after (red) oil/water separation by MASHGO in presence of different 
surfactant (SDS; P, CTAB; Q, Triton-X; R). 
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unperturbed even on increasing the amount of aqueous phase in the respective water-in-oil 

emulsion. Moreover, the performance of oil/water separation from the water-in-oil emulsion 

by MASHGO remained unaltered for different types of oil phases (e.g. veg oil, petrol, diesel, 

and bio-fuel) (Figure 5.9). Even more, the surfactants (SDS, DTAB, Triton-X) stabilized 

water-in-oil emulsions were tested with MASHGO. Interestingly, the contaminated aqueous 

phase was successfully separated as shown in Figure 5.10.  

 

5.4. Conclusions 
In this chapter, a chemically reactive, magnetically active and hierarchically featured coating 

was introduced on individual GO nano-sheets following a simple and robust chemical 

approach for achieving two dimensional (2D) magnetically active confined 

superhydrophobicity. The synthesized MASHGO remained highly capable of separating 

oil/water from both oil-in-water and water-in-oil emulsions, irrespective of the nature of the 

oil used for preparing emulsions and even in the presence of practically relevant chemically 

complex scenarios. Moreover, this current approach was efficient for the rapid separation of 

submicron-oil droplets stabilized with different surfactants. Further, the oil/water separation 

performance remained unaltered irrespective of the size distributions of micron/sub-micron 

liquid droplets in the respective emulsions either by selective absorption of oil droplets (in the 

aqueous phase) or formation of magnetically active ‗Pickering-type‘ aqueous droplets in the 

oil phase. Therefore, confined superhydrophobicity on 2D nano-sheets can be envisioned as a 

promising and facile approach for high throughput cleaning of oil spills, fuel purification, etc. 

Further, this chemically and magnetically active design of GO nano-sheets could be useful in 

developing various functional materials by adopting appropriate post-covalent modification 

through the 1,4-conjugate addition reaction. 
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Title: Common Avenue for Different Superhydrophobic Interfaces That 

Embedded with Tailored and Stable Oil Wettability in Air 
 

Abstract 

Lotus-leaf-inspired superhydrophobic interface extremely repels aqueous phase—but 

inherently displays super-oil-affinity in air. On the other side, the superamphiphobic interface 

repels both aqueous phase and oil/oily phase extremely with contact angle above 150°. The 

fundamental criteria for optimizing such distinct super liquid wettabilities are different, and 

distinct synthetic approaches were adopted to achieve these two different types of liquid-

repellent interfaces for different prospective and relevant applications. In the previous 

chapters, the covalent integration of the chemically reactive polymeric nanocomplex and 

amino graphene oxide through sol-gel and layer-by-layer deposition techniques have been 

extended to develop both the fish scale and lotus leaf-inspired interfaces, but those interfaces 

were failed to show in air, oil repellency. In this Chapter 6, a rapid and scalable spray 

deposition of a reaction mixture of a strategically selected two small molecules that readily 

reacted through 1,4-conjugate addition reaction process,  has been introduced for tailoring 

different oil-wettability in air, without perturbing superhydrophobicity. An appropriate 

dilution of a reaction mixture provided a facile basis for customizing oil wettability—starting 

from superoleophilicity to superoleophobicity keeping intact the super water repellence. The 

synthesized superhydrophobic and superamphiphobic interfaces remained efficient for 

sustaining exposures of various practically relevant physical manipulations & abrasions and 

chemically complex aqueous phases. Furthermore, both the superhydrophobic and 

superamphiphobic interface was successfully extended for comparing oil/water separation, 

anti-fouling and self-cleaning performances. Such a simple and common synthetic approach 

fo preparing extremely water repellent interfaces having differences in oil-wettability in air 

would be useful for practically relevant outdoor applications. 
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6.1. Introduction 

The Lotus-leaf-inspired interfaces that simultaneously displays extreme repellence towards 

aqueous phase and super affinity for oil/oily phase are widely recognized as a 

superhydrophobic interface,1-10 whereas the interfaces that extremely repel both water and oil 

phase with contact angle above 150° are formally defined as superamphiphobic interface.11-20 

While a hierarchically featured interface with low surface energy atop provided contrasting 

and extreme wettability for aqueous phase,1 the superamphiphobic interfaces demand a more 

specific structural features apart from regular co-optimization of hierarchical topography and 

low surface energy.11 Thus, the design of a superamphiphobic interface is more challenging, 

and generally, distinct strategies were adopted to synthesize 

superhydrophobic/superoleophilic and superamphiphobic interfaces.1-20 In the past, mostly, 

different polymers and metal oxides were used to achieve essential topography, and further 

co-optimization of essential low surface energy conferred desired super-liquid repellent 

interfaces.1-12 The separate association of superoleophilicity or superoleophobicity with 

superhydrophobicity is important for diverse and relevant applications.1-20 For example, 

superhydrophobic interface that embedded with super-oil affinity allowed selective filtration-

based oil/water separation,21-22 whereas, self-cleaning and antifouling performance of 

superamphiphobic interfaces remained superior over lotus-leaf inspired superhydrophobic 

interface.11-20 Nevertheless, a common synthetic approach for selective and controlled 

integration of the desired oil-wettability with the extremely water-repellent interface is 

unprecedented. In this Chapter 6, strategically selected two small molecules— (3-

aminopropyl)trimethoxysilane (APTMS) and 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12- heneicosafluorododecyl acrylate (HFDDA) 

(Figure 6.1A) that readily reacted in toluene through 1,4 conjugate addition reaction (Figure 

6.1B) at ambient conditions, provided a simple and rapid basis for controlled tailoring of 

desired oil wettability without altering the embedded superhydrophobicity. A simple dilution 

of the reaction mixture of selected two small molecules, prior to spray deposition, allowed a 

single step co-optimization of essential topography and chemistry for achieving three distinct 

liquid-repelling coatings, where oil wettability varied from superoleophilicity to 

superoleophobicity—without perturbing the superhydrophobicity. The optically transparent 

and extremely water repellent coatings that embedded with tailored oil-wettability in air, 

continued to display unaltered extreme liquid repellence even at practically relevant various 

and severe challenging settings, including exposures to physical manipulations, abrasions, 
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chemically complex liquids, high temperature, UV-radiation etc. Furthermore, such interfaces 

were extended to compare oil/water separation, self-cleaning and antifouling performances. 

 

6.2. Experimental 

 

6.2.1. Materials: 

(3-Aminopropyl)trimethoxysilane (APTMS), 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12- Heneicosafluorododecyl acrylate (HFDDA), 

sodium dodecyl sulphate (SDS), Hexadecyltrimethylammonium bromide (CTAB), triton x-

114, Methylene blue, Nile red, Polyethylene glycol, Diiodomethane were obtained from 

Sigma Aldrich (Bangalore India). Sources of other chemicals have already been mentioned in 

the previous chapters.  

6.2.2. General Considerations:  

Transmittance spectra were recorded using the Perkin-Elmer Lambda 750 (UV/Vis/NIR 

Spectrometer). Other instrumental details have been provided in the previous chapters. 

6.2.3. Fabrication of Superhydrophobic fabric:  

Firstly, the reaction mixture was prepared by mixing of 200 μl of (3-

Aminopropyl)trimethoxysilane and 660 mg of 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-Heneicosafluorododecyl acrylate (molar ratio 

of 1:1) in 10 ml toluene. Then the reaction mixture was continuously agitated for 20 minutes. 

Next, the reaction mixture was spray deposited on the polyurethane fabric (10 cm x 10 cm) 

and kept for drying in the hot oven to obtain superamphiphobicity. Besides, the reaction 

mixture was diluted 2 times (denoted as dilution-I) and 4 times (referred as dilution-II) prior 

to its spray deposition provided superhydrophobicity/oleophobicity and 

superhydrophobicity/superoleophilicity respectively. The respective liquid wettability was 

examined through visual inspection and contact angle measurements. 

6.2.4. Physical and chemical durability:  

Various physical and chemical durability tests were conducted on the synthesized 

superamphiphobic and superhydrophobic/superoleophilic coatings. The details of each 

experimental procedure are explained in the following sections. 

6.2.4.1. Physical deformations tests:  

Both the freshly prepared superamphiphobic and superhydrophobic/superoleophilic interfaces 

were subjected to various physical manipulations—including creasing, twisting and, finger 
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wiping, tissue paper wiping for multiple times. Thereafter, the respective liquid wettability 

was examined following the standard process.  

6.2.4.2. Knife Scratch Test:  

In this test, superamphiphobic and superhydrophobic/superoleophilic coatings were randomly 

scratched with a sharp metal knife for several times. After that, the anti-wetting property of 

both the fabric was characterized using contact angle instruments. 

6.2.4.3. Adhesive tape peeling test:  

An freshly exposed adhesive tape was separately placed on both the superamphiphobic and 

the superhydrophobic/superoleophilic coatings (3 cm x 1 cm) with an applied external 

pressure of 25 kPa for 1 minute. Then, the adhesive tape was manually peeled off from the 

coatings. The water and dodecane wettability was examined on the treated interface using 

contact angle measurements.  

6.2.4.4. Sand Paper Abrasion Test:  

In sand paper abrasion test, a 400-grit abrasive sand paper (3 cm x 1 cm) was manually 

rubbed with back and forth motion across both the superamphiphobic and 

superhydrophobic/superoleophilic interface (5 cm x 1.5 cm) for 250 cm abrasion distance—

with an applied pressure of 25 kPa and an average speed of ~12 cm/s. After this test, the 

liquid wettability was examined with visual inspection and contact angle measurements. 

6.2.4.5. Exposure to a different aqueous environment and UV radiation:  

The superamphiphobic and superhydrophobic/superoleophilic coatings were separately 

exposed to different and complex aqueous environments— including distilled water, highly 

acidic (pH 1) & alkaline (pH 12) media, artificial seawater (solution of 0.226 g MgCl2, 0.325 

g MgSO4, 2.673 g NaCl, and 0.112 g CaCl2 in 100 mL of deionized water), river water 

(Brahmaputra river, Assam, India), surfactants contaminated aqueous phase (SDS, 2 mM; 

CTAB, 2 mM; Triton-X, 2 mM) for 10 days. They were also exposed to UV irradiation (254 

nm and 365 nm) and high (80°C) temperature for 10 days. The water and dodecane 

wettability was separately investigated by monitoring the contact angle of beaded liquid 

droplets. 

6.2.5. Gravity-driven oil/water separation:  

A lab-made prototype was developed by using one end opened-glass tube which was covered 

with a fibrous substrate that embedded with either superamphiphobic or 

superhydrophobic/superoleophilic coating. A side-hole was also made at another end of the 

glass tube for pouring the oil-water mixture. The three-phase oil/water mixture that consisted 
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of heavy model oil (DCE, pink-coloured bottom layer), aqueous layer (blue coloured-middle 

layer) and petrol (yellow-coloured top layer) was poured in the lab-made prototype where 

superamphiphobic fabric restricted the passage of both the aqueous and oil phase. But, in the 

case of superhydrophobic interface, only the oil phase was selectively passed through it 

and collected in a separate beaker. 

 

6.3. Results and discussion: 

6.3.1. Synthesis and characterization of three distinct liquid-repellent interfaces 

In the past, 1,4-conjugate addition reaction between amine and acrylate remained an elegant 

avenue for synthesizing functional polymeric coatings.23-27 In the previous chapters, this 

chemical approach has been successfully extended for controlled optimization of both 1) the 

water wettability in-air and 2) the oil-wettability under water through strategic selection of 

post covalent modification of a chemically reactive multi-layered coating of polymeric nano-

complexes and AGO. In the earlier synthetic approach, one bioinspired (lotus leaf) liquid 

(water) wettability was achieved in the expense of another bio-inspired (fish-scale) liquid 

(oil) wettability. In contrast to the previous methods, in this chapter, two selected small 

molecules—APTMS and HFDDA have been mixed with a molar ratio of 1:1 to allow 

spontaneous 1,4-conjugate addition reaction between amine and acrylate groups at ambient 

condition. In this design, HFDDA is expected to provide appropriate low surface energy and 

APTMS that are recognized for facile polymerization28-29 (as evident from the infra-red (IR) 

spectral signature for Si-O-Si bridge30 at 1028 cm-1 (Figure 6.1D)) likely to allow a uniform 

coating. Thereafter, a standard and widely accepted Fourier transform infrared attenuated 

total reflectance spectra (FTIR-ATR) spectra were recorded at a regular time interval, to 

monitor the progress of chemical reaction between selected small molecules (HFDDA and 

APTMS) through 1,4-conjugate addition reaction. 

  The characteristic IR signatures for a) C-H deformation of β-carbon of vinyl group and b) 

stretching of carbonyl moiety at 1410 cm-1 and 1730 cm-1, respectively, confirmed the 

existence of acrylate groups in the reaction mixture of APTMS and HFDDA at t=0 min as 

similar to the solution of HFDDA (Figure 6.1A). 
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During the course of 1,4-conjugate addition reaction between acrylate and amine groups, only 

 

Figure 6.1. A-B) Chemical structures of (3-Aminopropyl)trimethoxysilane (APTMS) and 
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-Heneicosafluorododecyl acrylate (HFDDA). B) 
Depiction of the 1,4-conjugate addition reaction between primary amine of APTMS and acrylate groups 
of HFDDA. C) The Fourier-transform infrared attenuated total reflectance (FTIR-ATR) spectra 
accounting the 1,4 conjugate addition reaction in the reaction mixture (1:1) of HFDDA (yellow) and 
APTMS (violet) in toluene, where FTIR-ART spectra were recorded at regular time intervals, including 0 
min (blue), 10 min (red) and 20 min (black). In the FTIR-ATR spectra, the IR peaks at 1730 cm−1, 1601 
cm−1 and 1410 cm−1 characterized the signatures for C=O stretching, primary N–H bending and C–H 
deformation of the β-carbon of the vinyl group, respectively. D) FTIR-ATR spectra of the solution 
(black) and coating (blue) of (3-aminopropyl)trimethoxysilane. The appearance of IR peak at 1028 cm-1 
for Si-O-Si linkage revealed the polymerization during the drying process of the spray deposited solution 
of (3-aminopropyl)trimethoxysilane. E–M) Digital images (E, H and K) and contact angle images (F, G, 
I, J, L and M) of beaded water (F, I and L) and beaded dodecane (G, J and M) droplets on the three 
distinct water repellent interfaces where the reaction solutions of the selected small molecules were spray 
deposited on the selected fibrous substrate without dilution (E–G) and with dilution-I (H–J) & dilution-II 
(K–M). N) Optical transmittance spectra of uncoated (black) and coated (red, blue and grey) glass slides, 
where the coating was achieved by depositing the reaction mixture without dilution (grey) and with 
dilutions--including dilution-I (blue) & dilution-II (red). O–R) FESEM images  and EDX data (inset) of 
bare fabric (O) and small molecule derived coated fabric (P–R), where the coatings were achieved on the 
selected fibrous substrate by spray deposition of the reaction solution without dilution (p) and with 
dilution-I (Q) & dilution-II (R). 
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vinyl moiety of acrylate group was compromised and carbonyl moiety remained unperturbed 

at the end of the reaction. As a result, with the progression of the reaction between the 

selected reactants (APTMS and HFDDA), the IR peak intensity at 1410 cm-1 was gradually 

reduced, and a significant depletion of the IR peak intensity was noted at t=20 min as shown 

in Figure 6.1A. Parallelly, the IR signature at 1601 cm-1 for N-H bending for primary amine 

moiety of APTMS was completely disappeared in the reaction mixture at t=20 min. 

Thereafter, the reaction mixture was spray deposited on a selected fibrous substrate that 

readily soaks both oil and water in air. After air-drying of the deposited reaction mixture, the 

coated fibrous substrate displayed super repellence to liquids having both high (water: 72 

mN.m-1) and low (Dodecane (a liner hydrocarbon): 25 mN.m-1) surface tensions. The droplets 

of water and dodecane (DD) beaded with CA of 160° and 155° (Figure 6.1E-G) respectively, 

and the beaded droplets rolled away on tilting the interface below 10° (Figure 6.2A-F). 

Further, the facile and rapid deposition of the superamphiphobic coating was adopted. The 

submerged and shiny interface (Figure 6.2M-N) of the synthesized superamphiphobic coating 

in both the water and the DD revealed the appropriate entrapment of external third phase—

air, which provided heterogeneous and extreme water and oil wettability.1,11 Thereafter, the 

reaction mixture was diluted 2 times of its initial concentration, keeping the composition 

(molar ratio of 1:1) of the selected reactants unaltered, and this specific dilution has been 

denoted as ‗Dilution-I‘ in the rest of the text. The spray deposition of this diluted reaction 

solution yielded a superhydrophobic—but oleophobic interface (Figure 6.1H), where the 

water droplet beaded with CA of ~158° and the droplet of DD wet on the same interface with 

CA of ~114° as shown in Figure 6.1I-J. On increasing the dilution of the reaction mixture to 

4 times (which is referred as Dilution-II), the same spray deposition process provided a lotus-

leaf inspired superhydrophobic interface, where water was extremely repelled with CA of ~ 

157°—but the droplet of DD was immediately spread with CA of 0° as shown in Figure 

6.1K-M. Thus, the same reaction mixture of small molecules with identical composition 

provided three different types of water repellent coatings, depending on the appropriate 

dilution of the same reaction mixture, prior to spray deposition.  

Further, the liquid wettability of small molecules derived all three types of extremely water 

repellent coatings having differences in their oil-wettability (i.e. superoleophilicity and 

oleophobicity and superoleophobicity), were examined using other various liquids including 

alcohol (EtOH), toluene, (1,2-dichloroethane (DCE)), diiodomethane (CH2I2), PEG and 

glycerol as accounted in Figure 6.3. This interface failed to display extreme repellence for 
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liquids having surface tension below 23 mN.m-1 (Figure 6.3). Furthermore, the small 

molecules derived all three types of coatings embedded with distinct combination of both oil- 

and water-wettability, remained highly optically transparent (99 %), very similar to bare glass 

as shown in Figure 6.1N. 

 

The past studies validated the difference in the requirement of topography towards super 

water/oil wettabilities. While, the lotus-leaf inspired superhydrophobic interfaces require a 

hierarchical topography with the arbitrary arrangement of nano/micro-domains,31 the 

springtails-inspired superoleophobic interfaces mostly demand more specific and re-entrant 

 

Figure 6.2. A-L) Demonstration of the rolling of beaded dodecane droplet (10 μL; A-C) and water droplet 
(10 μL; D-L) on the tilted three distinct coating that are embedded with 
superhydrophobicity/superoleophobicity (A-F), superhydrophobicity/oleophobicity (G-I) and 
superhydrophicity/superoleophilicity(J-L)). The reaction solution without dilution (A-F), with dilution-I (G-
I) and with dilution-II (J-L) were deposited on the selected fibrous substrate to achieve these different 
coatings. M-R) Digital images of superhydrophobic/superoleophobic (denoted as superamphiphobic) (M-N), 
superhydrophobic/oleophobic (O-P) and superhydrophic/superoleophilic (Q-R) interface under water 
(M,O,Q) and under dodecane (N,P,R). The superamphiphobic interface appeared shiny in both the water and 
the dodecane because of entrapped air layer which conferred extreme water and oil repellence (M-N). The 
superhydrophobic/oleophobic (O-P) and superhydrophic/superoleophilic (Q-R) interfaces became shinny 
only under water whereas they are completely wetted on submerging in dodecane. 
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texture.11,16 

In this chapter, the small molecules derived all three different coatings that embedded with 

different liquid wettability displayed completely distinct and essential topography as shown 

in Figure 6.1 P-R. on the other side, the EDX analysis revealed that all three distinct coatings 

were embedded with key elements (F and Si) that belong to used reactants (HFDDA and 

APTMS) in the reaction mixture, irrespective of the dilution of the deposition solution 

(Figure 6.1O-R). However, the change in the density of HFDDA is expected with the 

dilutions of the reaction mixture. The percentage of fluorine in the coated fibrous substrates 

decreased with the dilution of the reaction mixture as confirmed with elemental analysis 

(Figure 6.1O-R). Thus, both the change in the topography and the fluorine chemistry 

(HFDDA) played a crucial role for tailoring oil wettability—while the superhydrophobicity 

remained unaltered. 

6.3.2. Physical/chemical Durability of Synthesized Superamniphobic and 

Superhydrophobic Interfaces 

 The durability of both lotus-leaf-inspired superhydrophobic and superamphiphobic interfaces 

was investigated in details. Their performances were compared at practically relevant 

different and difficult circumstances, including exposures of various physical manipulations, 

physical abrasions, UV-light, high temperature, extremes of pH, sea water etc. Firstly, both 

the superhydrophobic and superamphiphobic interfaces were separately exposed to creasing, 

twisting, tissue paper wiping and finger wiping for multiple times, prior to examining the 

 

Figure 6.3. A-U) Static contact angle images of beaded droplets of various liquids including ethanol (AC), 
toluene (D-F), 1,2-dichloroethane (G-I), polyethylene glycol (J-L), diiodomethane (M-O), glycerol (PR) and 
water (S-U) on the three distinct coatings that were associated with (superamphiphobicity (A,D,G,J,M,P,S), 
superhydrophobicity/oleophobicity (B,E,H,K,N,Q,T) and superhydrophicity/superoleophilicity 
(C,F,I,L,O,R,U,)). The reaction solution without dilution (A,D,G,J,M,P,S), with dilution-I (B,E,H,K,N,Q,T) 
and with dilution-II (C,F,I,L,O,R,U,) were spray deposited on the selected fibrous substrate to achieve three 
distinct coatings. 
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liquid wettability with droplets of water and dodecane. The treated interfaces repelled both 

the beaded droplets of water and dodecane with contact angle above 155° as shown in Figure 

6.4A-G. Similar to the superamphiphobic interface, the synthesized superhydrophobic 

coating also displayed uninterrupted super water repellence. 

 Thereafter, more challenging and different physical abrasive exposures were incurred on 

 

Figure 6.4. A–D) Digital images depicting the processes of various physical manipulations, including creasing 
(A), twisting (B), tissue paper-wiping (C) and fingerwiping (D) on the synthesized superamphiphobic coating. 
E–G) Digital image (E) and contact angle images (F and G) of the beaded water (F) and dodecane (G) droplets 
on the superamphiphobic fabric after incurring creasing, twisting, finger wiping, and tissue paper wiping tests. 
H, J and L) Digital images of the experimental setup of knife scratching test (H), adhesive tape test (J), and 
sandpaper abrasion test (L) on the superamphiphobic coating. I, K and M) Digital images of beaded water and 
dodecane droplets on a superamphiphobic interface after performing the knife scratching test (I), adhesive tape 
test (K), and sandpaper abrasion test (M). N and O) Plots accounting the impact of practically relevant various 
harsh exposures on the superamphiphobic fabric (no dilution) including UV irradiation (at λmax = 254 and 365 
nm) and high (80 °C) temperature, DI water, highly acidic (pH 1) & alkaline (pH 12) media, artificial-sea water, 
river water (Brahmaputra, Guwahati and Assam), and surfactant contaminated aqueous phase (SDS, CTAB, 
Triton-X; 2 mM), for 10 days. 
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both the superhydrophobic and superamphiphobic coatings. 

Firstly, physical scratches were introduced on the freshly prepared liquid-repellent interfaces, 

 

Figure 6.5. A,D,G) Digital image representing the experimental setup for knife scratching test (A), adhesive 
tape test (D), sand paper abrasion test (G) . B-I) Digital image (B,E,H) and static contact angle (C,F,I) 
images of beaded water droplet on superhydrophobic interface (that prepared following dilution-II of the 
reaction miture, prior to spray deposition) after performing the knife scratching test (B-C), adhesive tape test 
(E-F), sand paper abrasion test (H-I). J-M) Digital images of the same superhydrophobic interface that is 
manually creased (J), twisted (K), whipped by finger (L) and whipped by tissue paper (M) . N-O) Digital 
image (N) and water contact angle Images (O) of the beaded water droplet on the superhydrophobic 
interface after incurring creasing, twisting, finger wiping, tissue paper wiping. P) Plots accounting the 
impact of practically relevant diverse and harsh exposures on the superhydrophobic coating (that achieved 
following dilution-II of the reaction mixture before spray deposition) including DI water, highly acidic (pH 
1) & alkaline (pH 12) media, artificial-sea water, river water (Brahmaputra, Guwahati, Assam), surfactants 
contaminated aqueous phase (SDS, CTAB, Triton-X; 2mM), UV irradiation (at λmax = 254 and 365 nm) 
and high (80°C) temperature for 10 days. 
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using a sharp knife as shown in Figure 6.4H. The physically damaged interfaces displayed 

extreme oil and water repellence with CA above 150° (Figure 6.4I). Next, a freshly exposed 

adhesive tape was separately applied on both the superhydrophobic and superamphiphobic 

interfaces with an external load of 25 KPa that facilitated the uniform contact between the 

liquid-repellent interface and the adhesive surface. The embedded and extreme liquid-

wettability remained unperturbed, even after the adhesive tape peeling test (Figure 6.4J-K). 

Furthermore, an abrasive sand paper was rubbed on the small molecules derived 

superamphiphobic interfaces with a distance of 250 cm, however, the droplets of water and 

dodecane beaded on the sand paper treated superamphiphobic interface with CA above 150° 

(Figure 6.4L-M). A very similar durability was observed for the synthesized 

superhydrophobic interface as well (Figure 6.5A-O). Next, small molecules derived and 

physical-abrasion tolerant both superhydrophobic and superamphiphobic interfaces were 

exposed to UV light (254 nm and 365 nm) and relatively high (80°C) temperature for 10 

days. However, both the superhydrophobic and superamphiphobic interfaces remained 

capable of sustaining such treatments without perturbing their embedded super oil/water 

wettability as shown in Figure 6.4N and Figure 6.5P. Furthermore, both the water-repelling 

interfaces that embedded with either superoleophilicity or superoleophobicity were exposed 

to various and complex aqueous phases, including DI water, highly acidic (pH 1) & alkaline 

(pH 12) media, artificial-sea-water, river water (Brahmaputra, Guwahati, Assam) and 

surfactants contaminated aqueous phase for 10 days. Even after such prolonged and harsh 

treatments, the small molecules derived both superhydrophobic (Figure 6.5P) and 

superamphiphobic (Figure 6.4O) coatings continued to perform with unaltered super-liquid 

(oil/water) repellence, where the contact angle of beaded droplets of water and dodecane 

remained above 150°. Thus, the strategic use of 1,4-conjugate addition reaction between 

selected small molecules and followed by simple spray-deposition process yielded highly 

tolerant and different water-repellent interfaces that were embedded with tailored oil-

wettability in air. High tolerance on the embedded extreme liquid repellence in the 

synthesized superhydrophobic and superamphiphobic coatings would be appropriate for 

achieving an uninterrupted performance at practically relevant diverse outdoor scenarios.  

6.3.3. Application of Synthesized Superamniphobic and Superhydrophobic Interfaces 

The abilities of both the synthesized superhydrophobic and superamphiphobic interfaces were 

extended to compare its ability for some important and relevant applications—including 
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oil/water separation, self-cleaning and anti-fouling of different liquids. 

 

Figure 6.6. (A–L) Digital images depicting the successful antifouling performance of superamphiphobic 
coating, where the stream of various aqueous phases including cold (4 °C) juice (A and B), hot (60 °C) 
coffee (C and D), cow‘s milk (E and F) and commonly used oil/oily phases including kerosene (G and H), 
petrol (I and J), and veg oil (K and L), were poured on the synthesized coating. (M–X) Digital images 
depicting both the success (M–R) and failure (S–X) in antifouling performance of superhydrophobic coating 
(prepared following dilution-II) with various aqueous phases including a stream of cold (4 °C) juice (M and 
N), hot (60 °C) coffee (O and P), cow‘s milk (Q and R) and with various oil/oily phases including kerosene 
(S and T), petrol (U and V), and veg oil (W and X). 
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The superamphiphobic interface that extremely repelled various oil/oily and aqueous phases 

is highly useful for preventing fouling caused by spillages of commercially available various 

 

Figure 6.7. A–F) Illustrating the self-cleaning of deposited dust and dirt on the superamphiphobic fabric 
under the exposures of water (A–C) and veg oil (D–F). G–L) Digital images illustrating the success in the 
selfcleaning performance of the superhydrophobic fabric with water (G–I) and the failure in the self-
cleaning performance of the superhydrophobic fabric with vegetable oil (denoted as veg oil; J–L). M–O) 
Digital images depicting the failure in the selective separation of oil from a three-phase (light 
oil/water/heavy oil) oil–water mixture using a superamphiphobic coating, where superamphiphobicity 
prevented the passage of both oil and aqueous phases. P–R) Digital images illustrating the successful 
separation of three phases (light oil/water/heavy oil) oil– water mixtures using a superhydrophobic coating, 
where extreme water repellency prevented the passage of the aqueous phase—but the embedded super-oil-
affinity allowed the selective passage of the oil phase under a gravitation force. 
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and relevant aqueous and oily phases, including juice, coffee, milk, kerosene, petrol and 

vegetable oil as demonstrated in Figure 6.6A-L. In comparison to superamphiphobic coating, 

the superhydrophobic interface that associated with superoleophobicity remained only 

effective to prevent aqueous-fouling (Figure 6.6M-R), but the same interface failed to prevent 

fouling that caused by oil/oily spillages as shown in Figure 6.6S-X —likely due to the 

existence of embedded super-oil-affinity in the lotus-leaf inspired superhydrophobic coatings 

(Figure 6.1K-M). Next, the self-cleaning ability of both the interfaces was compared under 

the streams of both water and oil. The synthesized superamphiphobic coating displayed the 

ability for self-cleaning the deposited dust and dirt under the exposures of both water and oil 

phases, and at the end, a dry and clean interface was recovered as shown in Figure 6.7A-F. In 

comparison, the superhydrophobic interface lost the self-cleaning ability under the exposure 

of oil-stream (Figure 6.7J-L), though it remained efficient to self-clean the deposited dust and 

dirt under aqueous exposure as shown in Figure 6.7G-I. In the past, lotus-leaf inspired 

extremely water repellent interfaces that embedded with superoleophilicity have been 

explored for gravity-driven oil/water separation.21-22 The small molecules derived 

superhydrophobic coating remained efficient for selective filtration of oil phase from 

oil/water mixture as demonstrated in Figure 6.7P-R. 

A three-phase oil/water mixture that consists of heavy model oil (DCE, pink coloured bottom 

layer), aqueous layer (blue coloured-middle layer) and petrol (yellow-coloured top layer) was 

poured in the lab-made prototype, where the synthesized superhydrophobic fibrous interface 

was used as a selective oil-filtrating membrane.  As expected, the extreme water repellence 

restricted the passage of the aqueous phase but the embedded super oil-affinity allowed the 

oil/oily phase to selectively pass through the synthesized superhydrophobic membrane as 

shown in Figure 6.7P-R. In the contrary, the synthesized superamphiphobic interface that 

extremely repelled both oil and aqueous phase prevented the passage of both the phases. 

Eventually, the superamphiphobic interface became inappropriate for environmentally 

friendly and gravity-driven oil/water separation as shown in Figure 6.7M-O. Thus, both the 

superhydrophobic and the superamphiphobic interfaces associated with contrasting oil 

wettability have superior performance over one another, depending on their strategic and 

relevant uses.  
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6.4. Conclusion 

In conclusion, here, a facile and common synthetic approach has been introduced for 

achieving different water repellent coatings that are embedded with distinct oil-wettability in 

air. A 1,4-conjugate addition reaction between rationally selected small molecules at ambient 

conditions, followed by spray deposition allowed to co-optimize essential topography and 

chemistry for achieving optically transparent, durable and different oil-wettability (in air) 

starting from superoleophilicity to superoleophobicity, keeping the embedded 

superhydrophobicity unperturbed. The synthesized superhydrophobic and superamphiphobic 

interfaces remained capable of sustaining a diverse range of practically relevant challenging 

exposures. Further, such interfaces were extended for comparing their performances towards 

various important and relevant applications. Such an elegant synthetic strategy would be 

useful in developing various functional interfaces. 
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Conclusion and Future Plan 
This chapter includes a general summary of the current thesis work and the future work plan 

related to this thesis works in various possible directions. Generally, the conventional bio-

mimicked anti-wettabilities that were associated with delicate/weak chemical interaction 

remained susceptible to permanent damage under severe physical and chemical insults which 

limited its practical applications. However, there are a few designs that have provided durable 

lotus leaf-inspired and fish-scale inspired interfaces, but those reported materials were 

prepared by adopting tedious/complex methods. Even sometimes harmful chemicals that 

have an adverse effect on human health and the environment were associated. In my thesis 

works, I intend to fabricate durable and extreme anti-wetting interfaces (superhydrophobic 

and underwater superoleophobic) through a simple fabrication procedure that can sustain 

severe physical abrasions, large tensile/compressive strain and harsh chemical environment. 

Therefore, a facile and catalyst-free 1,4-conjugate addition reaction between the amine and 

acrylate groups was adopted where covalently integration of amino graphene oxide (AGO) 

and chemically reactive nanocomplex (CRNC) provided physically deformable and abrasion 

tolerant lotus leaf-inspired superhydrophobic interfaces. Furthermore, the control 

incorporation of amino graphene oxide provides an opportunity to tailor the mechanical 

property of the prepared material. This synthetic approach was further exploited to develop 

durable, self-healable and substrate independent superhydrophobic coating where the 

physically damaged interface was able to self-heal the anti-wetting property without any 

external intervention. Next, I have developed stretchable and abrasion tolerant lotus leaf-

inspired superhydrophobic and fish-scale inspired underwater superoleophobic interfaces 

through the layer-by-layer deposition of AGO and CRNC followed by appropriate post 

covalent modifications (octadecylamine for superhydrophobic interface and D-glucamine for 

underwater superoleophobic interface). The synthesized bio-inspired interfaces remained 

efficient to tolerate large and repetitive tensile deformations (with 100% strain)—even after 

incurring severe various physical (e.g., creasing, bending, twisting, physical erosions and so 

on) and chemical challenges (e.g., extremes of pH, seawater, river water, UV irradiation and 

so on). This approach was further extended to develop durable and stretchable both 

superhydrophobic and underwater superoleophobic membranes by constructing the 

multilayer coating on a stretchable fibrous substrate. Moreover, the embedded liquid 

wettabilities of both the bio-mimicked membrane remained unaltered after incurring various 

physical abrasions and prolong harsh chemical exposure. These fibrous bio-mimicked 
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membranes were further explored for energy-efficient, selective and simultaneous separation 

of various oil/water mixtures irrespective of surface tension, density, and viscosity of the 

used oil phase. Moreover, both the oil and water separation efficiency remained unaltered 

even presence of practically relevant severe and complex aqueous phases (i.e.; extremes of 

pH, artificial seawater, river water) in the oil-water mixture. Next, a chemically reactive and 

magnetically active two dimensional (2D) graphene nano-sheet was introduced which was 

able to show confined-superhydrophobicity after post-modification with long-chain alkyl 

amine. This synthesized material was highly capable of separating oil/water from both oil-in-

water and water-in-oil emulsions. The emulsion separation performance remained intact in 

various practically relevant and complex conditions (pH 1, pH 12, seawater, river water and 

surfactant contaminated). After that, I have introduced a distinct and unique approach to 

associate different oil-wettability with superhydrophobicity. A reaction mixture of small 

molecules and its strategic dilution prior to allowed to achieve three different 

superhydrophobicity that separately associated with superoleophilicity, oleophobicity and 

superoleophobicity.   

Thus, considering the importance of research work in this thesis, it is clearly understood that 

this thesis work can be further extended in various advanced research directions in near 

future. Graphene oxide and its reduced form are well recognized for various important 

properties including electrical and thermal conductivity. In this thesis work, amine-

functionalized reduced graphene oxide was strategically associated to develop highly durable, 

stretchable and self-healable bio-inspired interfaces (lotus-leaf and fish-scale inspired). Such 

interfaces have great potential to develop various water repellent advanced materials 

including stretchable motion sensors, underwater vibration sensors, supercapacitors, 

piezoelectric pressure sensors and other flexible electronics. Additionally, owing to the high 

surface area and presence of different functional groups on graphene oxide sheets, the current 

approach can be rationally associated with drugs, proteins, enzymes and other biomolecules 

for developing various other functional materials. Moreover, the superhydrophobic 

environment of our synthesised material could be very useful to enhance the efficiency of 

various heterogeneous catalysts for selective chemical reactions. Furthermore, the durable 

underwater superoleophobic interface can be useful for anti-platelet adhesion, oil droplets 

transportation and so on. Thus, the graphene oxide-based current approach for developing 

durable bio-inspired anti-wetting interfaces has immense potential in developing different 

functional smart materials in the near future. 
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