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Abstract 

A new series of fluorine-free, nonbiocidal, and hierarchical superhydrophobic silicone coatings 

filled with reduced graphene oxide (RGO)/β-SiC bamboo-like nanocomposites was successfully 

fabricated as durable ternary marine fouling release (FR) surfaces. RGO/β-SiC hybrid was used as 

coating nanofiller that would release fouling and confer surface robustness. It was facilely created 

using a straightforward one-phase ultrasonication technique. The dispersion of different 

concentrations of RGO sheets decorated with β-SiC bamboo-like fillers was determined to study the 

superhydrophobicity and antifouling behaviors of polysiloxane nanocomposites. RGO was prepared 

through a simple hydrothermal technique. Solution casting was used to distribute the RGO/β-SiC 

nanofillers throughout a silicone matrix. Atomic force microscopy, surface free energy, and water 

contact angle (WCA) were employed to examine the superhydrophobicity and micro/nanoroughness 

of the coatings. The mechanical, anticorrosive, and durability characteristics of the silicone-RGO/β-

SiC-filled composites were also investigated. The antifouling effects of the coating systems were 

evaluated in the laboratory for 30 days with specific bacteria. The silicone-RGO/β-SiC (3 wt.%) 

composite with the best dispersion, highest WCA (156°), and lowest surface free energy (12.7 

mN/m) among the composites exhibited favorable FR characteristics. The well-dispersed PDMS-

RGO/β-SiC (3 wt.% nanofiller) composite presented the minimum degradation and cell viability 

percentages against Gram-positive and Gram-negative bacteria as well as diatoms. Therefore, this 

study produced a series of nonstick and fluorine-free ternary FR nanocomposites for maritime 

coatings with surface durability, superhydrophobicity, and fouling retardancy. This work highlights 

the design and preparation of multifunctional marine nanocoatings with excellent antifouling 

performance, easy applicability, and superhydrophobicity properties. 

Keywords: silicone coating, superhydrophobic, fouling release surfaces, micro/nanoroughness, 

nanofillers, nanocomposite 
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1. Introduction 

   Combating marine fouling is a key strategy and focus area in the field of nanomaterial science for 

the maritime industry [1]. Biofouling incurs high expenses due to increased fuel consumption, high 

transportation costs, and hazardous emissions [2,3]. Antifouling paints, which release biocides, 

were used to stop fouling. These biocides are not only poisonous to marine organisms, they may 

also impact species that are not their intended targets. Conventional antifouling paints eliminate 

potential fouling species by leaching biocides [4]. In 2003, the International Maritime Organization 

issued a global ban on tributyltin-based antifouling paints due to concerns about their detrimental 

effects on marine life caused by their widespread use [5]. The most common alternatives to 

tributyltin antifouling surfaces are copper and booster biocide-based coatings. However, they have 

negative effects on nontarget organisms even at very low concentrations. These materials pose a 

possible ecological concern to 95% of the organisms in seawater [2,3]. As a result, ecologically 

friendly alternatives have attracted attention on a global scale [6-8]. Numerous amphiphilic 

polymers with various macromolecular architectures that are employed in maritime antifouling 

surfaces have been studied earlier [9,10]. Controlling fouling by using cost- and ecofriendly paint 

methods is of widespread interest.  

Fouling release (FR) coatings have the potential to be used as an environmentally beneficial 

technology because of their nontoxicity, structural mobility, and low surface free energy (SFE) [11-

13]. Fluoropolymers and polysiloxanes, which are components of FR resins, have been shown to 

perform effectively as fouling-resistant and hydrophobic materials. Fluorinated coatings are 

commonly designed for the fabrication of superhydrophobic coatings because their smooth surfaces 

contain –CF3 units and have low surface energy (6.7 mJ/m2) [14,15]. However, fluorinated 

compounds may be harmful to the environment as the long-chain perfluorinated alkyl molecules are 

bioaccumulative and poisonous substances [16,17].  

Polysiloxane resins, particularly polydimethylsiloxane (PDMS), are more widely used as a matrix 

for FR coating functionalities than fluoropolymers [18]. Fluorine atoms are tightly bound in the 
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fluoropolymer surface, resulting in high stiffness and inhibiting structural rotation along the 

polymeric backbone. This stiffness also prevents attached biofouling strains from being released 

easily [19]. Fluorine-free superhydrophobic coatings, such as PDMS, have received considerable 

attention as ecofriendly surfaces. The water-insoluble matrix PDMS has special qualities as a FR 

coating. As a result of the presence of two CH3 groups on each Si atom, PDMS has a low SFE (20 

mN/m) [14]. This SFE is lower than the surface energies of polytrifluoroethylene (PTFE, 23.9 

mN/m) and polyvinylidene fluoride (PVDF, 30.3 mN/m) [20]. Moreover, PDMS has an 

exceptionally low elastic modulus of ~1 MPa due to its flexible inorganic –Si–O backbone linkage, 

which minimizes fouling adhesion on silicone-coated surfaces. The price of PDMS (approximately 

$6 per kilogram) is considerably lower than that of fluorinated materials, such as PVDF powder 

($36.5 per kg) and PTFE emulsion with a solid content of 60% ($30 per kg). PDMS coatings are 

long-lasting because PMDS has superior wear resistance, toughness, and chemical resistance [21]. 

Nonstick silicone-based FR surfaces prevent invading species from settling and reduce their 

adhesion strength without leaching biocidal materials [22]. 

PDMS fouling prevention depends on suppressing the cohesiveness of submerged structures and 

inhibiting the fouling settling of such structures through superhydrophobicity action. Consequently, 

biofilms can be effortlessly removed from surfaces by using straightforward mechanical cleaning or 

while the vessel is moving [23]. Nevertheless, silicone homopolymers, particularly PDMS, have 

poor mechanical characteristics and cold flow even at molecular weights of 500,000 g/mol [24,25]. 

This drawback may be overcome by the addition of nanofillers, particularly those based on 

graphene, to the polymeric matrix. 

Nanomaterials play essential functions in widespread applications from sustainable healthcare to 

coating industry, affording eco-friendly and comfortable lifestyles [26]. Many nanomaterials, 

including Cu2O, TiO2, Ag, ZnO, carbon nanotubes (CNTs), and reduced graphene oxide (RGO), 

can be employed as antibacterial agents. The mechanistic antibacterial activity of nanomaterials 

against microbial cells may be attributed to the massive reactive surfaces of nanoparticles that 
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interact with cells. This may harm the internal cellular components, cause cell membrane rupture, 

and deactivate the microbial cells [27,28]. 

   CNTs, graphene oxide (GO), and RGO are some types of carbon allotrope nanoparticles that are 

utilized to reinforce composites mechanically [29]. They have high tensile strengths and Young's 

moduli. Due to the interaction of nanofillers with the polymer matrices, the density of these 

particles strengthens the mechanical properties of nanocomposites [30]. Graphene sheets have 

closely packed layered structures due to high surface area, vacuum filtration, and intrinsic van der 

Waals interaction [31]. This may cause agglomeration and prevent the uniform distribution within 

the polymeric matrix [32]. This agglomeration definitely deteriorates the coating’s durability and 

flexibility. One-dimensional nanomaterials can be used to decorate graphene sheets in order to 

increase the amount of nanofiller dispersion in the polymeric matrix and inhibit agglomeration. 

Therefore, a good distribution of graphene-based nanofillers in polymeric matrix could enhance the 

mechanical properties of nanocomposites [33]. PDMS nanocomposites filled with graphene 

materials could exhibit outstanding antifouling performance and mechanical robustness [34]. 

Superhydrophobic nanocomposites are characterized by a ≥150° water contact angle (WCA) and a 

microscopically rough surface [35,36]. Their surface characteristics are enhanced by atomic-scale 

surface structures with continuous ribs and grooves oriented along the longitudinal axis [37]. 

Superhydrophobic coatings with rough surfaces represent original FR surfaces. Graphene has 

attracted considerable attention worldwide due to its unique chemical and physical characteristics, 

biocompatibility, electrocatalytic activity, and lack of reactivity to processes [38]. 

RGO has been employed to design superhydrophobic surfaces because of its hydrophobicity and 

other characteristics; including high surface area, abrasion resistance, and good antifouling 

properties [39]. The fabrication of superhydrophobic silicone FR surfaces using graphene/one-

dimensional hybrid fillers has been proposed recently [40]. These one-dimensional nanomaterials 

have vast surface areas and unique shapes that make them particularly appealing for producing 

rough coatings [41]. Several nanostructured fillers are used to strengthen polymeric materials and 
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avoid fouling [41]. ZnO nanorod-based coatings could successfully avoid maritime biofouling in 

static settings [42]. They inhibited bryozoan larvae from forming biofilms and decreased the 

densities of the marine bacterium Acinetobacter AZ4C and the marine alga Tetraselmis species. 

Copper nanowires filled in PDMS resins exhibited long-lasting bacterial resistance and fouling 

prevention properties [43]. 

    Silicone nanocomposites filled with RGO sheets decorated with β-SiC bamboo-like 

morphologies have not yet been developed as FR coatings. The modeling of superhydrophobic 

nanocomposite surfaces employs rough structures with rugged topologies [44]. Chemical vapor 

deposition, sol–gel, electrospinning, self-assembly, and chemical etching are some of the processes 

that have been used to create superhydrophobic surfaces [45]. Most of these approaches are 

challenging and time-consuming, restricting the scope of their industrial applications. In contrast to 

the above-mentioned methods, solution casting is manageable and economical technique [46]. To 

the best of our knowledge, no research has been performed on the preparation and application of 

RGO/β-SiC hybrid composites for filling PDMS FR top coats. The rough topology and low SFE are 

needed to reproduce water-repellent surfaces based on exfoliated RGO/β-SiC composite arrays. 

Hierarchical structures introduce outstanding water-repellent properties due to the air trapped 

between their surface grooves. A global strategic objective is to develop nontoxic and 

environmental friendly antifouling surfaces with low SFE, superhydrophobicity, and hierarchical 

roughness for long-lasting ship hull coatings. 

   Herein, novel nonstick, fluorine-free, and eco-friendly PDMS nanocomposites filled with 

controlled RGO nanosheet/β-SiC bamboo-like morphologies were developed for the first time as 

ternary superhydrophobic FR nanosurfaces. Well-distributed nanofillers have the potential to affect 

the nanocomposite's surface properties. RGO nanosheet/SiC bamboo-like nanofiller was prepared to 

avoid RGO agglomeration and distribute β-SiC particles on the sheet surfaces. The prepared 

coatings exhibited superhydrophobicity and mechanical robustness due to their unique 

micro/nanohierarchical structure with low SFE. The mechanical performance of ternary 
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nanocoatings was studied. The antifouling performance of the nanocoatings for up to 30 days was 

analyzed by using a selection of microfoulants, including Gram-negative and Gram-positive 

bacteria and diatoms. The developed PDMS enriched with RGO/β-SiC (3 wt.%) nanocomposites 

showed the highest antifouling capabilities against Escherichia coli and Staphylococcus aureus 

(Microfouling bacteria) and Navicula sp. (Macrofouling diatom). Furthermore, the antibacterial 

mechanism of the produced superhydrophobic FR nanocoatings was discussed extensively. This 

study highlighted how the degree of RGO/β-SiC filler dispersion affected silicone nanocoatings' 

antifouling properties. The created well-dispersed nanocomposite represented the potential to be 

used as green FR nanocoatings for ship hull coatings. 

 

2. Experimental section 

2.1. Chemicals 

Graphite flakes with size <20 μm, octamethylcyclotetrasiloxane (D4, 98%), NaNO3 (99.0%), 

cesium hydroxide (CsOH, 99.9%), Karstedt catalyst, divinyltetramethyldisiloxane (97%), and 

polymethylhydrosiloxane were gotten from Sigma–Aldrich, USA. Acros Organics (Belgium) 

provided KMnO4 (99%), H2SO4, (95–97%), orthophosphoric acid (H3PO4, 85%), Sodium 

hydroxide (98%), Ethyl alcohol (99.5%), tetrahydrofuran (THF, 97%), and H2O2 (35%). Changsha 

Sinet Advanced Materials Corporation (China) provided us with pure SiC nanowires (NWs) (99%). 

 

2.2. Fabrication of RGO/β-SiC bamboo-like structures 

2.2.1. RGO sheet synthesis 

   An adapted Hummers method was employed for graphite oxidation to prepare GO nanosheets 

[47,48]. In a typical process, 72 mL of H2SO4 was used to dissolve 0.75 g of powdered graphite and 

0.75 g of NaNO3 during continuous stirring. The resulting suspension was added with 4.5 g of 

KMnO4. Then, the mixture was agitated for 60 min at 35 °C. The temperature was then raised to 

90 °C after the mixture was diluted with 60 mL of distilled water. Residual MnO2 and 

http://r.search.yahoo.com/_ylt=AwrTHRt0AtFYNmkAdkpXNyoA;_ylu=X3oDMTEza2Y2bTY0BGNvbG8DZ3ExBHBvcwMxBHZ0aWQDVUkwMkM0XzEEc2VjA3Ny/RV=2/RE=1490121460/RO=10/RU=http%3a%2f%2fwww.sigmaaldrich.com%2fcatalog%2fproduct%2faldrich%2f371904%3flang%3den%26region%3dUS/RK=0/RS=cLmwBDgoeHtxGDAXewXL1SJjWV8-
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permanganate were transformed into Mn(II)SO4 (colorless) by slowly adding 7.5 mL of H2O2. The 

mixture was filtered with distilled H2O until its pH reached 7.0. The obtained product was 

ultrasonicated for exfoliation to yield GO nanosheets, which were centrifuged to remove the 

unexfoliated solution. 

   RGO was prepared by the hydrothermal method. This method involved dispersing a specific 

quantity of nano-GO sheets into distilled H2O for 20 min under cold conditions followed by 8 h of 

heating at 200 °C in an autoclave lined with Teflon. After centrifugation, the product was rinsed 

with a mixture of distilled H2O and ethanol. Then, the autoclave was allowed to cool naturally 

overnight. The resultant material was freeze-dried at −50 °C for 24 h to eliminate absorbed solvents 

and obtain nano-RGO sheets with high homogeneity [49]. 

2.2.2. Synthesis of RGO/β-SiC bamboo-like nanocomposites 

A facile method was used to prepare the RGO/β-SiC nanostructured composite. RGO (50 mg) was 

ultrasonicated in distilled H2O (100 mL) for 60 minutes. Then, 50 mL solution of toluene and 50 

mg of β-SiC were supplemented with the RGO solution. The produced mixture was continually 

agitated for 12 hours to make sure that the prepared RGO and β-SiC nanoparticles were completely 

coordinated. The created composite of the RGO/β-SiC hybrid underwent acetone purification, 

centrifuged, and purified by washing with THF. The produced RGO/β-SiC hybrid material was 

homogenized by freeze-drying at -50 °C for 24 h. 

 

2.3. Fabrication of PDMS filled with RGO/β-SiC nanostructured composites: 

2.3.1. Unfilled and RGO/β-SiC nanofiller-filled silicone nanocomposites 

   PDMS resin with vinyl terminals was created through anionic ring-opening polymerization using 

the D4 monomer and strong base catalyst CsOH [50]. By incorporating various percentages of 

RGO/β-SiC nanofillers into PDMS resins through the ex-situ technique, a series of PDMS-RGO/β-

SiC hybrid composites was created. The obtained virgin and silicone-RGO/β-SiC nanocomposites 

underwent hydrosilation curing by using the Chalk–Harrods technique [51]. Hydration curing was 
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conducted on the freshly manufactured virgin PDMS and PDMS-RGO/β-SiC nanocomposites, 

wherein PMHS interacted with the vinyl terminal chains of the PDMS to form bonds, as follow: 

Karstedt catalyst (0.1 g) was dissolved in trichloroethylene (30 mL) in a reaction flask with 30 mL 

of toluene and 13 g of silicone resin to produce solution A. For the preparation of solution B, PMHS 

(0.3 g) was dissolved in toluene (10 mL) before being progressively supplemented into solution A 

and vigorously agitated. The mixed solution was degassed for 15 min then coated on several 

surfaces, allowed to cure overnight, and heated at 70 °C for 3 h. 

 

2.4. Characterization techniques 

Several characterization methods were employed to investigate the PDMS-RGO/β-SiC hybrid 

nanocomposite structure. Gel permeation chromatography (GPC) measurement was carried out by 

using GPC-1100 Agilent technologies with Waters 2410 refractive index detector styragel columns 

connected in series using polystyrene as standard and tetrahydrofuran as an eluent. The purity and 

crystallinity of the RGO/β-SiC nanofiller were characterized by X'Pert PRO XRD (PANalytical 

diffraction analyzer, UK) using CuK radiation at 2θ of 5°-80°. A Japanese JEOL model JEM2100 

LaB6 was used to test HRTEM at 200 kV. Two droplets of the solution were put on the TEM grid 

after being ultrasonically heated in ethyl alcohol for 10 minutes. A FESEM was employed for 

studying the topological structure of the surface (JEOL JSM530, Japan). The RGO/β-SiC nanowires 

hybrid solution was divided into two droplets, ultrasonicated in ethanol, and then put over a glass 

specimen to dry naturally. The specimens were coated with Au for preventing the charging effects 

of the electron beam. Moreover, density functional theory (DFT), electrostatic potential, and 

electron maps (ESP-EM) were used to investigate the hierarchical of RGO/β-SiC hybrid nanofiller 

according to DMol3 of BIOVIA Dassault systems. 

 

2.5. Surface investigations 

      The surface hydrophobicity was studied via WCA and SFE determinations. Static WCA of 
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virgin PDMS and PDMS-RGO/β-SiC nanohybrid materials was assessed using the sessile drop 

method and Krüss GmbH goniometer (Germany). Total SFE  (γS
total) measurements of unfilled 

and filled PDMS-RGO/β-SiC nanocomposite were calculated using the geometric-mean method 

[52]. From this technique,  𝛾𝛾𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  represents the sum of polar and dispersive constituents. Using the 

WCA (𝜃𝜃) results of two different solvents (DI water and diiodomethane),  𝛾𝛾𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 was calculated as 

illustrated in Eqs. (1 and 2) [53] 

(1 + cos 𝜃𝜃𝐿𝐿)𝛾𝛾𝐿𝐿 = 2[�𝛾𝛾𝐿𝐿𝐷𝐷 𝛾𝛾𝑆𝑆𝐷𝐷  + �𝛾𝛾𝐿𝐿𝑃𝑃 𝛾𝛾𝑆𝑆𝑃𝑃]                                         (1) 

𝛾𝛾𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛾𝛾𝑆𝑆𝐷𝐷 +  𝛾𝛾𝑆𝑆𝑃𝑃                                                                                     (2) 

θL and γL are WCA and SFE for the used liquids, respectively. On the other hand, 𝛾𝛾𝐿𝐿𝐷𝐷 and 𝛾𝛾𝑆𝑆𝐷𝐷 refer 

to the surface tension of liquids and surfaces, respectively. A NTEGRA Solaris AFM (Russia) was 

employed to study the topological structure of the composites. The root mean square roughness (RMS) 

for the surfaces was calculated using AFM software XEL at 40 N/m force constant, 0.7 Hz scan rate, 

and 300 kHz resonance frequency. 

 

2.6. Physicomechanical studies 

      Various mechanical studies such as impact, bend, and crosshatch experiments were employed 

for assessing coatings' elastic, bendable, and cohesive properties. Virgin silicone and 

nanocomposite coating tests were done on 17 cm × 9 cm × 0.1 cm dimensions of mild steel 

specimens. The first coat was an epoxy primer paint with a matrix: hardener mixing ratio 3.7:1 

by wt.%. An epoxy/PDMS tie coat with a mixing ratio of 4:1 by wt.% was applied as a second layer. 

The top layer of the PDMS-RGO/β-SiC nanocomposite had a 150 µm coating thickness. Using an 

impact Sheen tubular tester (Ref BG5546, UK), the impact tests were carried out following ISO 

6272 [54]. The damage resistance of the coated surfaces was assessed by abruptly lowering the 

impact tester's 1 kg height weight. The substrate-coating adhesion degree was measured using a 

crosscut tester (Sheen SH 750, UK) that had 6-teeth of 1.5 mm steel cutter. The cross-cut region 
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was covered with pressure tape, flattened, and pulled before applying ASTM D 3359 to gauge the 

adhesion level [55]. The nanocomposite coatings’ elasticity was evaluated by mandrel bend 

experiment [56]. The mandrel diameter of the Ref. 809  model Sheen bend tester (UK) was between 

3.2 and 38 mm. 

 

2.7. Antifouling assessments 

2.7.1. Diatom and bacterial growth inhibition 

   Fouling-related performance can be assessed by using diatoms and different bacterial species that 

form biofilms on different surfaces [57]. Diatoms were used to study the antifouling performance of 

the designed coatings [58].   The  FR activity of the RGO/β-SiC nanostructured composite was 

determined by using Navicula sp. diatoms [59]. The diatoms were collected and purified from 

Qarun Lake, Fayoum Governorate, Egypt. In natural saltwater and F/2 medium, diatom cultures 

were grown to a density of 103 cells/mL and then incubated for 72 hours at 26 °C. In this work, 

cultures with different concentrations were prepared from stock culture by using sterile F/2 culture 

medium. A total of 10 mL of Navicula sp. was suspended in F/2 medium (OD660 nm = 0.015), 

placed in Petri dishes, then coated onto slides with various concentrations (0.25%, 0.5%, 1%, 2%, 

and 3%) of nanostructure fillers submerged in the dishes (triplicate). Slides coated with 0.0% 

nanofillers were used as a control. Then, the cells were incubated at RT (25 °C) for 4 weeks. After 

incubation, the slides were removed and washed. Subsequently, the attached diatom cells were 

counted (mean ± SD) under a microscope. E. coli and S. aureus, which are frequently found in 

biofilms and isolated from water, were used to test the resistance of the unfilled and filled 

nanocoatings to bacterial growth in water and the bacterial density after exposure to the coated 

surface. A Luria broth medium culture test was used to examine the antimicrobial effectiveness of 

the coated and uncoated slides against E. coli and S. aureus [60]. This assessment could indicate 

whether microbial growth was inhibited at a particular time by measuring an end point. The Luria 

broth (Sigma Aldrich, UK) was utilized to grow E. coli and S. aureus bacterial stock cultures for 24 
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h at 30 °C. The bacterial cultures were diluted to an initial density of 106 cells/mL after incubation 

in broth media. Each slide (25 mm × 75 mm) was coated with PDMS-RGO/β-SiC nanocomposites 

and placed in a sterile flask containing bacterial cultures (100 mL). At 1, 2, and 4 weeks, the test 

was performed three times on a shaker (20 rpm) at 30 °C. Following incubation, the culture’s 

optical densities at 600 nm for the nanocomposite samples were assessed and compared with those 

of the control treatments. 

2.7.2. Mesocosm study 

   The ability of biofouling bacteria to adhere to coated slide surfaces was examined. Empty and 

loaded nanostructure slides were submerged in three aquarium groups containing sterile surface 

water. Three slides coated with 3% silicone/graphene–SiC hierarchical nanostructures, along with 

three uncoated glass specimens as control specimens, were included in each tank group. Samples 

were taken after 1, 2, and 4 weeks. The coated samples were incubated at 25 °C. One coated 

specimen was removed from each container after treatment. The biofilm that had adhered to the 

slides was removed by using a sterile scalpel [61,62]. The biofilm samples were fixed with 3% 

paraformaldehyde in phosphate-buffered saline (1:1). A portion of the resultant biofilm suspension 

was stained by using SYTO 9 green fluorescent nucleic acid (Life Technologies, Thermo Fisher, 

United States) to allow the observation of living microbial cells. A Zeiss Leica Microsystems 

Imaging Solution (Germany) inverted epifluorescence or reflectance laser scanning confocal 

microscope with a magnification power of 1000× was used for microscopy. The specimens were 

held in the dark for 20 min before examination. The formation of bacterial biofilm growth on the 

coated glass slides of the modeled PDMS-RGO/β-SiC was recorded after incubation for comparison 

with that on the untreated slides. After dilution, flow cytometry was used to count the number of 

live cells in the biofilm suspension samples after labeling with SYBR green for 15 min in the dark 

(FACSCanto II cytometer). 

 

3. Results & discussion 
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3.1. Controlled fabrication and structure of hierarchical RGO/β-SiC nanofillers 

   Vinyl-terminated PDMS nanocomposites filled with RGO sheet/β-SiC bamboo-like hybrids 

were prepared via solution casting for applying as durable marine FR coatings. A facile one-

phase ultrasonication technique was used to prepare RGO/β-SiC hybrid nanofillers as 

antifoulant materials. Figure 1 compared the XRD spectra of the produced materials. The d-

spacing of the main peak observed at 2Ɵ=10.3° (for the GO [002] crystal facet) was 0.95 nm, 

which was larger than that of natural graphite (0.34 nm). The enhancement in interlayer 

distance might be due to the production of oxygen on the nano-GO surface [63]. In the XRD 

spectra of SiC nanowires (NWs), the peaks at 35.7°, 41.3°, 60.05°, 71.1°, and 75.5° seen at 2 h 

were due to the (111), (200), (220) and (311), and (222) crystal orientations, respectively. The 

splitting factor was caused by inaccurate stacking for the peak recorded at 33.77° [64]. The 

results showed that SiC NWs with dominant (111) facets, which were indicative of the 

maximum intensity, had high surface crystallinity and purity. The average diameter estimated 

by using the Debye–Scherrer equation was 55 nm. The RGO diffraction peaks in the XRD 

pattern of the RGO/β-SiC nanocomposite revealed that the RGO nanosheets had been 

decorated with β-SiC nanowires. It indicated that SiC NWs anchored on the RGO sheets 

through the (111) crystal plane. This is attributed to the fact that (111) crystal planes in SiC 

NWs have lower surface energy, and the construction process of the jointing sites may tend to 

proceed along the lowest energy plane [65,66]. 

In the RGO/β-SiC hybrids, the diffraction peak dramatically decreased to 9.6, indicating that 

exfoliation had sufficiently loosened and disorganized RGO sheets [67]. However, the 

anchoring technique did not affect the structural integrity of the RGO sheets (Scheme 1). 

   FETEM was able to capture the sizes and morphologies of the as-synthesized nanomaterials 

(Figure 2). Figure 2 (A and B) depicted that the GO sheets had folded edge structures and wrinkled 

forms. Such nanosheets might function as nanoblades that could rip through cell membranes 

because of their thin edges, which had thicknesses of 0.5–2 nm. HRTEM (Figure 2 (C and D)) 
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revealed that the SiC nanomaterial had a consistent NW structure with an average diameter of 50–

80 nm and average length of 1–2 mm. The HRTEM images in Figure 2 (G and H) demonstrated 

that the RGO/β-SiC hybrid nanocomposites featured wrinkled edges on the surfaces of the GO 

nanosheets, which were enriched with SiC wires. These images depicted the good dispersion of the 

SiC NWs on the surfaces of the GO nanosheets. Well-dispersion of β-SiC NWs throughout the 

RGO nanosheets demonstrated the successful fabrication of the RGO/β-SiC nanocomposites via a 

facile one-phase ultrasonication method. 

   Figure 3 displayed a FESEM image of the shape and structure of the created nanostructures. The 

layered structure and wrinkled edges of the GO nanosheets were shown in Figure 3 (A and B). The 

wrinkled edges of the GO nanosheets reflected the exfoliation of graphite throughout oxidation. 

Figure 3 (C and D) show that β-SiC NWs had an NW shape with a mean diameter of 60 nm. The 

composite of RGO/β-SiC NWs was shown in Figure 3 (E and F), wherein β-SiC NWs were evenly 

distributed on the RGO surface. This resulted in the formation of a pure and reliable hybrid 

nanocomposite. The results confirmed that RGO sheets were successfully decorated with β-SiC 

NWs to produce pure RGO/β-SiC hybrid nanofillers. SiC NWs were absorbed on the surface of 

RGO due to the hydrogen bonding between the hydroxyl group of SiC NWs and the residual 

oxygen-containing groups of RGO [68-70]. Therefore, RGO could connect with SiC NWs in PDMS 

matrix, promoting the formation of filler network. The controlled size and morphological structure 

of the nanofillers played a prominent role in enhancing surface durability, reducing SFE, 

micro/nano hierarchical roughness, water repellency; and antifouling performance. 

 

3.2. Ex-situ methodological approach for the fabrication of hybrid PDMS-RGO/β-SiC 

nanocomposites 

   Given the promising features of vinyl-ended PDMS in FR self-cleaning paints, high  molecular 

weight (MW) vinyl-ended PDMS nanosurfaces were prepared. Alkali metal solubility and reactivity 

increased with increasing size of cation during D4 polymerization [71,72]. CsOH dissolved below 
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100 °C, KOH dissolved at ~150 °C, and NaOH and LiOH were not dissolved even above 150 °C. 

The reactivity of CsOH was ˃ RbOH ˃ KOH ˃ NaOH ˃ LiOH [72]. Moisture-free catalyst is 

crucial to yield high MW polymer. The molar concentration ratio of D4 to the end capping reagent 

and catalyst type are major factors for MW control. Increased MW of PDMS improves the 

mechanical properties as compared with the low MW analogs [73]. GPC measurements reflected 

the high MW of the prepared PDMS, where the MW and polydispersity values were 232537 g/mol 

and 1.51, respectively (Supplementary material, Fig. S1). The vinyl content of the prepared PDMS 

was determined by iodometric titration method and the result was 2.9 ± 0.2 mol% (Supplementary 

material). 

      The RGO/β-SiC hybrid was mixed at various concentrations with PDMS matrix to increase 

surface inactivity and inhibit fouling adhesion. This method aimed to determine the appropriate 

degree of fouling repellency. SEM was employed to analyze nanofiller dispersion and homogeneity 

in the PDMS resin. The dispersion of the nanofillers into the PDMS resin was evaluated by using 

FESEM (Figure 4 (A–C)). The FESEM scan showed that the bare PDMS coating had a featureless 

and smooth surface (Figure 4A). Roughness increased with high loadings of RGO/β-SiC NW (1 

wt.%) in the PDMS resin (Figure 4B). The PDMS nanocomposite filled with well-dispersed 

RGO/β-SiC NW (3 wt.%) nanofillers exhibited high surface roughness and enabled FR 

performance (Figure 4C). The insertion of RGO/β-SiC nanofillers into the channels of the polymer 

nanocomposite results in the formation of a hydrogen bonding interaction that restricted polymer 

chain mobility. The high surface roughness of the PDMS-RGO/β-SiC nanocomposite could be 

attributed to the following reasons: (1) the synergistic effect of RGO and SiC NWs in the formation 

of filler network; (2) the macroscopically and microcosmically orderly filler network; (3) the 

decrease of interfacial defects due to the formation of well-dispersed PDMS-RGO/β-SiC 

nanocomposite; (4) The rise in the solid-liquid interface might increase surface roughness and 

hydrophobicity by trapping air in the surface grooves to produce superhydrophobic surfaces. The 

resulting nanocomposites may have improved interfacial bonding due to extra-high surface-area, 
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and matrix-nanofiller interfacial bonding.  

      The micro/nano-particles are usually used to generate coating surface roughness. According to 

Wang et al. [14], assembling particles of various sizes can improve surface roughness and 

superhydrophobicity. Cortese et al. [74] used PDMS microstructuring to create a variety of 

structures with mono and dual hierarchical roughness by merely replicating pre-patterned structures 

using a CF4 plasma treatment. The fabricated superhydrophobic PDMS surface exhibited WCA up 

to 170°. According to Barthwal et al. [75], a composite of PDMS-modified multiwall CNTs 

(MWCNTs)/ZnO (2.5 wt.% nanofiller) showed a microrough superhydrophobic surface with 156° 

WCA for anti-fouling and anticorrosion applications. Well-dispersed PDMS-RGO/β-SiC (3 wt.%) 

rough surface with tailored micro/nano-textures can improve the stability of superhydrophobicity by 

decreasing the convexity of the liquid/air interface and maintaining the contact angle away from its 

critical advancing value [76]. 

      By contrast, higher nanofillers (4 and 5 wt.%) showed a reduction in the topological 

homogeneity and roughness because of the fillers’ agglomeration. This caused heterogeneous rough 

structure, enabled sliding the drops of water inside the grooves results in wettability and lower 

hydrophobic and antifouling performance. Nanofillers’ well-dispersion is necessary to avoid 

agglomerations, cracking, and brittleness caused at higher nanofillers concentrations. 

 

3.3. Theoretical and experimental studies on the surface functionality of nanocoating composites 

      The nonwettability properties, surface topology, functionality, and activity of the nanocoating 

composites were investigated on the basis of density function theory (DFT) calculations, 

electrostatic potential charges, and surface microscopy (Figures (4 and 5)). Nanoscale topography 

significantly contributed to the creation of a surface with wettability that nearly resembles the 

wettability of naturally rough surfaces. In addition, as shown in Figure 4, surface topology was 

studied to understand the hydrophobic or hydrophilic surface features involved in coating 

applications. Atomic force microscopy was conducted to reveal the surface topology and roughness 
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of the coated nanofiller structure as illustrated in Figure 4 (D–F). The unfilled coating exhibited a 

featureless surface with an RMS value of 0.94 nm (Figure 4D). Silicone specimens that were filled 

with 1 wt.% RGO/β-SiC had highly pronounced surface roughness and FR effects (13.18 nm) 

(Figure 4E). Among the coatings, the PDMS-RGO/β-SiC (3 wt.%) coating had the topology with 

the highest RMS (79.18 nm) because of its good nanofiller distribution and high WCA (Figure 4F). 

DFT analysis was performed to determine electrostatic (+ve or −ve range) isosurface potential and 

electron maps of the composite surfaces for identifying the influence of hierarchal geometry and 

surface roughness. They exhibited important roles in determining surface orientation, morphology, 

electron/charge potential, and electron mobility during the superhydrophobicity of the nanocoatings 

(Figure 5). Indeed, the self-assembly of the nanosheet discs in a longitudinal bamboo-like 

orientation and within the RGO/β-SiC hybrid nanocomposites might create widespread surface 

electron/charge diffusion, leading to high electron mobility during superhydrophobicity (Figure 5A). 

Additionally, DFT analysis was used to explore the retention of 3D modeling structure projections 

along the hierarchical RGO/β-SiC hybrid nanocomposite architecture. The hybrid RGO/β-SiC 

nanocomposites presented a hierarchical structure due to strong electrostatic attraction and lamellar 

stacking. This structure improved the superhydrophobicity and antifouling performances of the 

nanocomposites. The β-SiC hybrid nanocomposites preserved their configuration planes and 

crystal-structure surfaces (Figure 5). The crystal-building structures of the composites with a 

hierarchical architecture (Figure 5A) presented cages, grooves, and holes along the hierarchical 

apex and edges for efficiently achieving high-mobility charge flows and transitions during the 

nanocomposites’ superhydrophobicity. Figure 5B showed the surface charge configuration and 

electrostatic electron mobility along a wide range of domains shown by the composite film surfaces. 

The electronic and charge map configuration indicated the potential effect of the vast transport, high 

mobility, and electrons/charges’ flow along the nanocomposite surfaces on the superhydrophobicity 

and antifouling performance (Figures 6–8). 

Figure 6 showed that WCA was performed to investigate the superhydrophobicity of the modeled 
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coatings before and after they were submerged for 7 days in distilled water. A sample of a virgin 

PDMS coating showed hydrophobic properties with a WCA of 106°. The nonwettability of the 

PDMS-RGO/β-SiC composites significantly increased with increasing RGO/β-SiC nanofiller 

concentrations. The WCA increased to 156° with the addition of 3 wt.% nanofillers. The findings 

showed that a good nanofiller distribution could result in surface superhydrophobicity because of 

coating–nanofiller interfacial forces, high surface areas, and improved roughness. The WCA was 

reduced to 136° and 122° with the addition of higher concentrations (4 and 5 wt.% nanofillers, 

respectively). Increasing the RGO/β-SiC nanofiller percentages up to 4 and 5 wt.%, reduced the 

water repellency owing the nanofillers agglomerations. This could destroy the matrix–nanofillers 

interfacial bonds and strengthened the agglomeration linkages, where the surface areas of 

nanofillers were reduced. The submerged samples had lower WCAs than the initial samples (Figure 

6), proving that the PDMS-RGO/β-SiC nanocomposites had regenerative properties. The findings 

indicated that the total SFE was constantly decreased from 21.46 for the virgin PDMS to 12.4 

mN/m with the addition of 3 wt.% RGO/β-SiC nanofillers. The surface topology was roughened, 

which decreased adhesion to the fouling bonds. The minimum SFE and greatest roughness were 

obtained by adding evenly dispersed RGO/β-SiC (3 wt.%) fillers into the silicone resin, which 

prevented fouling adhesion. By reducing SFE and promoting air entrapment in the surface grooves, 

this slick architecture encouraged superhydrophobicity and demonstrated the advantages of a water-

repellent FR coating. 

      The densely packed PDMS-RGO/β-SiC nanocomposite layer enhanced the surface roughness, 

according to Cassie–Baxter mode. This may trap air in the surface interstices and inhibit water 

droplets from sliding inside these interstices' groves. This rough surface is equivalent to a composite 

surface of solid and air pockets and is correlated with the surface chemical heterogeneity and 

roughness. Because air is a superhydrophobic characteristic with a WCA of 180°, the rough surface 

amplifies superhydrophobicity [77]. Surface roughness is well-known as a key element in achieving 

superhydrophobicity [78]. The PDMS-RGO/β-SiC (3 wt.%) rough surface with optimized micro-
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textures can prevent the Cassie-Baxter mode from switching to the Wenzel mode. As a result, the 

liquid/air interface becomes less convex and the contact angle remains away from its critical 

advancing value, improving the stability of superhydrophobicity and FR performance [76].  

      By contrast, the total SFE was increased by the addition of higher RGO/β-SiC nanofillers 

loadings (15.53 mN/m for 4 wt.% and 17.2 for 5 wt.%), respectively. This was caused by the 

nanofillers’ agglomerations, lower surface-area, minimized the PDMS-nanofillers interfacial 

bonding, and increased particle clustering. 

 

3.4. Coating durability of PDMS-RGO/β-SiC nanocomposites 

   It was necessary to investigate the flexibility and adhesion properties of the developed PDMS-

RGO/β-SiC nanocomposites for applying as surface coatings [79]. The nanocomposites created 

with various nanofiller concentrations were investigated through impact, crosscut, and T-bending 

experiments. In the impact experiment on the developed PDMS-RGO/β-SiC coating, no cracks up 

to 16 Joule were seen, demonstrating the coating's high flexibility and durability (Table 1). The high 

impact resistance was induced by the silicone’s interlayer high free volume and the mechanical 

durability produced via the homogeneity of the dispersion of RGO/β-SiC nanofillers in the matrix. 

Additionally, no cohesion flaws were found during the crosscut experiment (Table 1). After being 

subjected to mandrel bending over a tubular spindle of 5 mm, the samples exhibited no apparent 

incursions or cracks visually or under microscopy (Table 1). These findings demonstrated the high 

mechanical durability of the distributed PDMS-RGO/β-SiC nanocomposites. The improved 

adherence and flexibility of the coating to the substrate are the outcome of the PDMS matrix's good 

interactions with RGO/β-SiC nanofillers. Well-dispersed RGO/β-SiC nanofillers formed a cross-

linked network and a strong interfacial interaction with PDMS surface, which can be concluded as 

the critical factor for surface durability. Physical networks eventually resulted from chemisorption 

and/or physisorption. These results demonstrated the importance of the homogenous dispersion of 

PDMS-RGO/β-SiC nanocomposites for high mechanical robustness. The well-dispersed 
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nanocoatings' high flexibility and adherence to the substrate demonstrated their long-term 

robustness. 

 

3.5. Antifouling efficacy of PDMS-RGO/β-SiC nanocomposites 

   The water microfouling bacteria (E. coli and S. aureus) and the macrofouling diatom (Navicula 

sp.) were used as predominant maritime biofilm formers that could resist many antifouling coatings. 

The growth of these strains was significantly inhibited by the PDMS-RGO/β-SiC hierarchical 

nanostructure coatings. Compared with the virgin PDMS control samples, the hierarchical 

nanostructure coating reduced the density of diatoms by 69%. The PDMS-RGO/β-SiC 

nanostructured composite coatings almost completely inhibited (97%) diatom growth (Figure 7). 

The addition of up to 3% hierarchical nanostructures enhanced the antibacterial activity of the 

PDMS-RGO/β-SiC nanocomposite coating against S. aureus and E. coli. This resulted in the 

strongest antibacterial effect as reflected in the reduction in bacterial count (Figure 8A).  

After incubation time for 4 weeks, the remaining viable bacterial counts were only 11% for PDMS-

RGO/β-SiC (3 wt.% nanofillers) as compared to virgin PDMS (Figure 8B). This finding reported 

the high antibacterial performance of the well-dispersed PDMS-RGO/β-SiC nanocomposite, caused 

by the increased nanocoating's interfacial bonding and WCA yielding outstanding FR surface. The 

surface roughness and superhydrophobicity significantly reduce the number of adherent bacteria 

with enhanced fouling-antiadhesion [80]. In addition, SEM images (Figure 9) showed that the 

adherence of bacterial cells to the prepared surfaces decreased with increasing nanofiller 

percentages. Similarly, numerous investigations have demonstrated that hierarchical nanostructures 

have antimicrobial activities against a variety of bacterial species [7]. 

   For the investigation of cell viability, fluorescence microscopy was used to examine further the 

biofilm suspension that accumulated from the virgin and filled hierarchical nanostructure samples 

after 4 weeks of incubation (Figure 10). Compared with those of the virgin PDMS and control 

samples, the biofilm specimens of the PDMS-RGO/β-SiC nanocomposites exhibited a noticeably 
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lower number of viable cells. Most of the cells on the control samples were alive and grouped 

together. By contrast, only few cells were visible in the biofilms on the nanostructure coatings. 

Well-dispersed hierarchical RGO/β-SiC nanofillers could exhibit high antifouling behavior. The 

number of cells significantly decreased with RGO/β-SiC nanofillers’ insertion up to 3 wt.%. These 

findings supported the inhibiting effect of hierarchical nanostructures and were consistent with the 

results of contact angle and SFE measurements. The inclusion of hierarchical nanostructures into a 

silicone antifouling surface was an efficient technique for preventing microbial growth on 

submerged coatings on the basis of surface superhydrophobicity. The distribution of RGO/β-SiC 

nanofillers (3 wt.%) resulted in the substantial growth inhibition of microorganisms. Various 

fouling organisms were prevented from adhering to the developed nontoxic and nonleaching 

silicone nanocomposites via a fouling-repellency mechanism. This outcome was achieved through 

the development of micro/nano-rough topologies, reduction in SFE, and nonwettable FR coatings. 

Surface FR performance was produced by reducing SFE and increasing WCA. Thus, the good 

dispersion of 3 wt.% RGO/β-SiC hybrid fillers in PDMS resin provided outstanding antifouling 

performance and mechanical durability. The PDMS–nanofiller interfacial bonding and coating–

substrate cohesion forces were increased by the superior dispersion of the fillers. The rough 

topology could enhance the surface superhydrophobicity and prevent water from entering the 

surface grooves of interstices [81]. A physical anticohesion mechanism prevented diverse bacterial 

and diatom species from adhering to the developed nontoxic PDMS-derived nanocomposites. 

Therefore, the novel coating nanocomposites showed high antifouling activity against the tested 

macro- and microorganisms, making them very suitable for use in the maritime shipping industry. 

 

4. Conclusions 

   For the first time, an ecofriendly, nonstick, and superhydrophobic series of PDMS-RGO/β-SiC 

nanocomposites was developed as robust marine FR coatings for ship hulls. A facile method was 

used to prepare RGO/β-SiC nanofillers for using as advanced antifoulant nanoagents. For 
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comparison, different percentages of RGO/β-SiC nanofillers were dispersed into a silicone matrix. 

Bamboo-like SiC nanoparticles had a definite morphology, [111] orientation, and an average width 

of 80 nm. The superhydrophobicity, mechanical toughness, and antifouling properties of the 

developed coatings were thoroughly investigated. Selected Gram-positive and Gram-negative 

bacteria as well as diatoms were evaluated by many antifouling assays to assess the FR efficacy of 

the nanocomposites. The well-distributed PDMS-RGO/β-SiC composite with 3 wt% nanofiller 

showed the lowest SFE, highest WCA (156°), roughest topology (micro/nanoscale), and 

outstanding FR features. The developed nanocoating offered high mechanical durability. Cell 

viability as well as scanning electron and fluorescence microscopy results demonstrated that the 

well-dispersed nanocoatings presented high resistance against various bacteria and diatoms by 

exerting surface superhydrophobicity. Overall, our research showed that the created nanocomposite 

coatings were economical, long-lasting, and ecofriendly antifouling surfaces for maritime 

navigation. 
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List Of Tables: 

Table 1. The results of the mechanical tests for PDMS-RGO/β-SiC nanocomposite coatings. 

Properties Concentration of RGO/β-SiC nanofiller in PDMS surfaces 

0.0 wt.% 0.25 wt.% 0.5 wt.% 1 wt.% 2 wt.% 3 wt.% 

Impact resistance (joule) 6 8 9 12 13 16 

Cross-hatch Pass Pass Pass Pass Pass Pass 

T-bending < 5 < 5 < 5 < 5 < 5 < 5 
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