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A B S T R A C T   

This paper reveals the role of microstructures formed on the surface of aluminum substrates created by acid 
etching. A wettability study showed that using a fluorinated silica polymer (PF) and the essential oil of euca-
lyptus (ECA) with adequate surface texture promoted antibacterial activity. Scanning electron microscope (SEM) 
images showed that the micro-nanostructure enhanced the possibility of loading the ECA as an antibacterial 
agent. Fourier Transform Infrared (FTIR) spectroscopy analysis confirmed the chemical linkage between the 
different components of the surface. Antibacterial tests carried out using inhibition discs displayed the anti-
bacterial behavior of the surface’s components against Bacillus cereus and Escherichia coli bacteria. The direct tests 
on the surface confirmed its capacity to limit bacterial adherence when exposed to bacteria contamination, 
99.19% and 97.28% in the case of B. cereus with (PF) and ECA:PF-based coatings. In the case of E. coli these were 
94.65% and 98.69% with PF and ECA:PF respectively.   

Introduction 

Contamination of surfaces by pathogenic bacteria and viruses has 
become a major everyday problem. Once a surface is contaminated, it 
can become a source of inoculation of pathogen microorganisms. Bac-
teria and viruses can adhere to solid surfaces and by touching this sur-
face the pathogen is transmitted to individuals and could then cause 
infection. After the outbreak of COVID-19 around the world caused by 
SARS-CoV-2, the development of antibacterial and antiviral surfaces has 
attracted much more attention. These surfaces can be divided into 
different types based on the manner of how to prevent and/or attack the 
deposited exogenous microorganism [22,45,57]. 

Surface superhydrophobicity is a promising property that is born 
between the roughness and the low energy of the surface [60], that leads 
to high of specific values of contact angles between the surface and the 
liquid involved. The water contact angle then reaches 150◦ and sliding 
angle of less than 10◦ [42,44,55]. The structures can be arranged to 
prevent water droplet penetration into the surface because of the 
entrapped air in the cavities. This state is called the Cassie-Baxter regime 
[36]. However, when surface features are arranged in a manner that 
permits the penetration of a water droplet, the surface becomes wetted, 
and this state is called the Wenzel regime [61]. The superhydrophobic 

surfaces obtained can establish a barrier to protect the surface from 
impurities and contaminants in water by avoiding water droplet 
adherence and deposition [64]. These surfaces escape the adherence of 
water-borne bacteria and minimize bacterial colonisation by preventing 
the deposition of contaminated water droplets [24]. The self-cleaning 
ability results from the low sliding angle, which is responsible for 
water droplets rolling out, thus avoiding bacteria deposition. This 
behavior is still effective when the surface is tilted even at a very low 
angle [51]. At a horizontal plane, the superhydrophobicity keeps acting 
by reducing the contact area between the droplet and the surface, which 
may reduce contamination [9]. However, this superhydrophobic barrier 
can be crossed when the surfaces are deteriorated. Therefore, the 
incorporation of a bactericide or bacteriostatic and/or antiviral agent 
into the surface could make it safe and antimicrobial. These active 
agents can be diffused continually to disinfect the surface or act only 
when bacteria enter direct contact [1]. For example, silver nano-
particles, copper alloys, and carbon nanotubes, when released from the 
surface, could inhibit vital processes in bacteria cells [17,59]. Without 
activating the superhydrophobic barrier, the photocatalytic surfaces 
integrate nanomaterials that have the ability to react when exited by 
light. For instance, surfaces that contain transition metal-based nano-
particles and quantum dots (QDs) such as ZnS-QDs [32] and TiO2 
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nanoparticles can be activated when excited by UV-light, and kill bac-
teria [10]. Arango-Santander et al. have shown that bacterial adhesion to 
TiO2 micropatterned surfaces was reduced almost 60% after exposure to 
UV-light compared with unexposed surfaces. Moreover, the TiO2 
micropattern reduced the viable adherence of bacteria depending on the 
TiO2 concentration in the coating. This indicates that a reduction of 
bacterial adhesion can be achieved by a double role of these surfaces, the 
photocatalytic effect of TiO2 and the superhydrophobicity barrier [4]. 

The antimicrobial properties of metals are not only due to their 
nanoparticle form: their permanent positive charge generates reactive 
oxygen species in cells which perturb the growth of bacteria. For 
instance, silver and copper inhibit the growth of Escherichia coli and 
Staphylococcus aureus by producing oxygen reactive species [25]. Plat-
inum possesses antibacterial properties that allows for its use in medical 
implants without inducing oxidative stress in human cells [18,54]. 
Moreover, in the case of biofilms, metal ions act by reducing the hy-
drophobicity of biofilms, which decreases antibiotic resistance in Ba-
cillus subtilis [23]. Surfaces containing metal compounds allow the 
release of ionic forms which kill bacteria deposited on that surface, 
which can cause a progressive deterioration of the surface. 

Polycations that have quaternary ammonium salts (QUAT) are 
nitrogen-containing ions with four alkyl or aryl radicals attached to 
nitrogen atoms can produce a permanent positive charge that can kill 
bacteria [48]. Different surfaces have been developed using this family 
of molecules. Tiller et al. used covalently attached Poly 
(4-vinyl-N-alkylpyridinium bromide) on glass slides to create a surface 
that kills airborne bacteria in contact with the surface [53]. Agbe et al. 
used octyltriethoxysilane-QUAT as a superhydrophobic anti-biofouling 
coating on micro-structured substrates. The authors suggested that the 
QUAT partially bonds to the silane-based prepolymer, thus remains 
leached and forms an inhibition zone in the diffusion test [2]. QUATs 
exhibit higher antibacterial activity and surfaces integrating these 
molecules inherit the antibacterial property. A critical issue is that 
QUATs can create resistant bacteria even as an infinitesimal quantity 
acting on the surface [11,19]. 

The use of nanoparticles and ionic forms of metals can be toxic for 
the environment when released from surfaces [13]. In the long term 
these surfaces might end up being inactive because of the disassembly of 
the components of the coating [62]. Some antibacterial agents create 
resistance in bacteria which can lead to increasing the virulence of some 
species, such as methicillin-resistant Staphylococcus aureus (MRSA) [46]. 
The search for active antibacterial agents that do not create bacterial 
resistance or environmental toxicity can lead to novel antibacterial 
superhydrophobic surfaces. Although vastly different in terms of 
chemical composition, essential oils as natural products exhibit effective 
antibacterial activity even in small amounts, and bacterial resistance has 
not been reported, unlike almost all conventional antibiotics. The anti-
bacterial action of essential oils is generally due to the blocking of 
bacterial growth in the oily mediums and the presence of volatile sub-
stances which act on different energetic processes of the cell [15]. For 
instance, essential oils of oregano (Origanum vulgare), thyme (Thymus 
vulgaris), myrtle (Myrtus communis), lemon (Citrus limon), and lavender 
(Lavandula angustifolia) have been tested and found to have wide anti-
bacterial activity against gram-positive and gram-negative bacteria such 
as S. aureus, Enterococcus faecalis, E. coli, Klebsiella pneumoniae, and 
Pseudomonas aeruginosa [37]. Moreover, eucalyptus essential oil (ECA) 
has displayed, in addition to antibacterial activity, an antiviral effect 
against various viruses such as herpes simplex virus 1 [47] and influenza 
A (H1N1) [12]. Jensenone, one of the active components in eucalyptus 
oil, has shown an inhibition effect against the activity of the viral pro-
tease [6,52] which was demonstrated by in vitro assays and molecular 
simulation to act on a viral proteinase (Mpro/3CLpro) by forming a 
complex with main protease (Mpro) through hydrophobic interactions. 
Eucalyptol, another eucalyptus oil component, can bind with Mpro and 
thus inhibit the synthesis of capsid proteins [49,50]. Finally, Juergens 
et al. demonstrated by a clinical study that inhalation of eucalyptus 

essential oil provokes an anti-inflammatory response by both blocking 
cytokines release and analgesic effects mediated by the cineole, another 
component of the ECA which can be effectively used in asthmatic pa-
tients [29]. 

This paper aimed to develop antibacterial surfaces using a super-
hydrophobic barrier to avoid bacterial adhesion and reduce the bacteria 
colonisation of the surface. This intercalated surface also had the novelty 
of using an essential oil as an antibacterial agent. The developed hybrid 
nanocoating used the superhydrophobic propriety as the main barrier 
coupled with the bactericide effect of the essential oil of eucalyptus to 
preserve the antibacterial property of the surfaces. 

Materials and methods 

Materials 

Fluorinated silica polymer (1H, 1H, 2H, 2H-perfluorooctyltriethoxy-
silane (PF) Purity 98%) and Hydrochloric acid (37%) were obtained 
from Fisher Scientific. ECA essential oil at biological grade was distilled 
form leaves (Origin China) was bottled by Del studio inc. company 
CP22007 and was purchased from etsy.com/ca LOT # M01 at analytical 
grade. The solutions of coatings were prepared in equal volume of 
ethanol and ECA-PF. The Luria-Bertani (LB) Broth, LB Agar, antibacte-
rial dishes, and chemicals used in this study were purchased from Fisher 
Scientific as well. 

Surface preparation 

Microstructure creation approach 
The process of creating roughness was engineered using different 

acid concentrations. Prior to use, aluminium substrates (alloy 6061-T2) 
were cleaned by ultrasonicating in acetone analytical grade for 3 min 
and in Milli-Q water (resistivity 18.22 MΩ.cm) for 3 min, then rinsing 
with Milli-Q water and drying with compressed nitrogen. Afterwards 
they were immersed in an HCl solution [31] (15% of acid 37% (V/V)) for 
30 min. To stop the acid’s attack, the samples were immersed in Milli-Q 
water for 3 min then rinsed several times with water and finally dried 
under compressed air again [2]. 

Coating preparation and deposition 
Once the acid treatment was completed, hydrophobic coatings were 

deposited as a single 20 μL drop of coating solution, on the surface. After 
room temperature solvent evaporation, the curing step was conducted at 
65◦C for 90 min [5]. Contact angles were then measured and the sur-
faces were subjected to antibacterial tests, Fig. 1 shows the two different 
methods used. The first approach consisted in the creation of an 
adequate micro/nano texture, then the produced pattern was covered by 
a PF fluoroalkyl silane coating. The second approach consisted in the 
development of a PF coating deposited on the micro/nano texture which 
was incorporated by the essential oil (ECA). The same textures were 
tested in an antibacterial test without any coating. 

Antibacterial tests 

The antibacterial evaluation of the surface components performed 
using two methods. The first approach was carried out in a LB broth in 
which the bacteria was cultivated in the presence of essential oil at 
different concentrations. The second approach was used for the surface 
component’s antibacterial evaluation in solid media (LB Agar). The test 
consisted of using diffusion discs made from Whatman® paper which 
work by the diffusion of the component in the agar media. 

Liquid medium antibacterial activity test 
The study of the antibacterial effect of eucalyptus essential oil (ECA) 

was carried out by adding the various ECA volumes (10, 25 and 75 μL of 
ECA in the medium) to the initial bacterial culture (10 mL). Bacteria 
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were incubated in Nutrient Broth at room temperature and the growth 
was measured by recording the optical densities of bacteria culture at 
603 nm each 6h for 30 h. The optical density was recorded using a 
spectrophotometer Gensys20. 

Diffusion disc test 
The agar plate disk diffusion method was used to measure the inhi-

bition zone according to the standard method [33,40]. Sterile Nutrient 
agar media was poured into autoclave-sterilized petri dishes, and 100 μL 
of each bacteria suspension was inoculated onto plates and spread 
uniformly. Whatman® paper discs (1.5 cm diameter) were soaked with 

Fig. 1. Approaches used for the development of antibacterial surfaces.  

Fig. 2. Measuring anti-biofouling aspects of the surfaces.  
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10 μL of the materials used in the coating (essential oil and fluoropol-
ymer) before being placed on the agar surface. Plates were then incu-
bated at room temperature for 24 h, and inhibition zones were 
measured. 

Anti-Biofouling test 
This experience was conducted to determine if the developed sur-

faces could inoculate bacteria onto growth medium. In this test it is 
expected that the inoculation could be avoided by the superhydrophobic 
barrier created by the hybrid coating of the ECA and fluoropolymer. The 
test is represented in Fig. 2 and consisted of depositing 100 μL of bac-
teria culture (at the exponential phase) on the developed surfaces. Based 
on the low sliding angle, the bacteria drop could be rolled off and the 
surface avoided bacteria deposition. However, on the surface with a 
high sliding angle, the bacterial culture drop could stick to the surface, 

thereby contaminating it. Surfaces were then incubated in a nutritive 
broth and bacteria growth were recorded after 24 h by optic density 
measurements at 603 nm. 

Surface characterization 

Wettability: The water contact angle was measured using a deionized 
water droplet (4 µL). Angles were measured using a goniometer 
(KrussTM DSA100) at 25◦C based on the Young-Laplace approximation. 
The sliding angle was recorded by tilting a mobile plate around an axis 
from 0◦ to 90◦. When the droplet (8 µL) started to roll-off on to the 
surface, the corresponding angle value was recorded. All measurements 
were repeated three times at different points of the sample for the ac-
curacy and reproducibility of results. 

FTIR: Absorbing infrared Fourier transformed spectra were recorded 

Fig. 3. Wettability as a function of etching time; a: Evolution of the contact angle of PF coating on aluminum surface as a function of etching; b: Sliding angle 
behavior for different coatings. 

S. Hidouri et al.                                                                                                                                                                                                                                 



Applied Surface Science Advances 9 (2022) 100252

5

using attenuated total reflectance mode (ATR). Spectra ranged from 
4000 to 650 cm− 1 with 2 cm− 1 resolution and averaged 64 scans. These 
analyses were conducted using a Cary 630 FTIR Spectrometer (Agilent, 
USA). 

SEM: The prepared samples were subjected to the sputtering process 
by depositing an ultra-thin gold layer. Metal deposition was performed 
by a sputter machine (model Bio-rad SEM coating system). Micrograph 
imaging was then conducted using a Scanning Electron Microscope 
(SEM, JSM-6480 LV by JEOL Japan). 

Results 

Wettability study of the surfaces 

The study of the wettability of the developed surfaces was carried out 
by following the contact angle and slide angle of different roughness 
levels created as a function of etching time. The results are given in 
Fig. 3. The results of contact angle of the un-coated microstructure as a 
function of etching time (assigned here by the abbreviation B-CA) and 
represented by the red line in Fig. 3-a, shows that the B-CA of the 
aluminum substrate is approximately 90◦ ± 1.33. The water contact 
angle of the un-coated aluminium decreased gradually with respect to 
etching time and tended towards 1◦. After 30 min the contact angle was 
3.33◦ ± 0.66. The value of B-CA measures the effect of the produced 
texture, and it seems that the deeper the microstructure is, the more the 
water droplet enters inside these created structures, leading to the 
decreasing of the B-CA needed to reach the total wettability of the 
substrate with respect to the Wenzel regime. 

The deposition of a thin layer of fluoro alkylsilane (PF) or of the 
essential oil and PF mixture on the aluminium substrate gradually 
increased the contact angle (CA) depending on etching time. It is clear 
from the graphs given in Fig. 3-a that the deposition of PF on the non- 
textured aluminium substrate increased the CA from 90◦ to 106◦, and 
this angle increased when roughness grew. Indeed, it clear in the case of 
the structure/ECA-PF surface that the CA reached superhydrophobicity 
after 15 min of etching with 15% of HCl. The D-CA was almost 152◦ and 
above this time the D-CA stayed equal or superior to 151◦. However, the 
D-CA did not exceed 151◦ for etching times shorter than 15 min. It 
reasonable to conclude that when using the ECA-PF coating, the contact 
angle increased depending on the profile of the texture and reached the 
Cassie-Baxter regime starting from 15 min of etching time. There are no 
significant differences between the μstructure/ECA-PF and the 
μstructure/PF surfaces in terms of the CA. Indeed, the two surfaces 
follow the same modality with only slight differences. This fact shows 
the influence of the ECA essential oil in slightly decreasing the contact 
angle compared to PF alone. 

The sliding angle curves of ECA-PF and PF surfaces are shown in 
Fig. 3b. The analysis of the sliding angle of the PF surface shows the 
structure influenced the sliding of the water droplet. The un-etched 
aluminium coating with PF had a sliding angle of 90◦ when the 
droplet was caused to fall. The sliding angle decreased dramatically to 
19◦ after 10 min of etching. Then it became less than 10◦ after 15 min of 
etching until it was around 2◦ or less after 20 min. However, the ECA 
essential oil’s incorporation into the coating resulted in a gradual 
decrease of the sliding angle from 90◦ to 2◦ after 30 min of etching. 

To better understand these effects further analysis was carried out 
using SEM analysis to study the morphology of the developed surfaces. 

SEM analysis 

SEM image of aluminum surfaces as a function of etching time are 
presented in Fig. 4 (a–c, d, f, and g). The acid acts on the surface by 
creating a defect spot which may follow some lines already present from 
the construction of the alloys (Fig. a1). The defects seen on the substrate 
after 5 min of etching (Fig. 4 a1–a3) are not generalized on the entire 
substrate and follow a unidirectional path. At higher magnification there 

are still some smooth zones in the surface and the etching creates scat-
tered nano or sub-micro holes in the substrate. 

The surface texture progressed after 10 min of etching, as seen in 
Fig. 4 b1–b3, and showed that relative smooth zones were decreased. 
The presence of the smooth zones suggests that the deposition of the PF 
layer did not result in the highest contact angle as seen in the wettability 
analysis in the previous section after 10 min of etching. 

At 20 min of etching, Fig. 4 c1–c3, the surface became totally micro 
nano-structured without smooth zones, and an irregular structure 
covered the whole surface. Here the contact angle of the un-coated 
surface microstructure was almost 26◦. However, the same surface 
with a PF coating showed a CA of around 150◦. It can be interpreted that 
when the structure becomes deep enough it works to create a micro- 
pocket responsible for pushing up the water droplet leading to a 
higher contact angle. 

After 30 min of acid etching (Fig. 4 d1–d3) the aluminium substrate 
showed a coral-like structure scattered across the surface coupled with a 
nanostructure on top of the microstructure which is characteristic of 
superhydrophobic roughness. This hierarchical texture’s influence on 
CA and sliding angle, even in the hybrid coating (ECA-PF), suggests it 
may be affected by essential oil’s hydrophilicity. The coated surfaces are 
illustrated in Fig. 4 e1–e3 in the case of the PF coating and Fig. 4 f1–f3 
in the case of the PF-essential oil. The deposited layer of these coatings 
did not modify the surface features and the micro-nanostructure 
resulting from the etching was still visible without noticeable modifi-
cations in term of texture. 

FTIR- analysis 

The spectra in Fig. 5 show the reflection bands of different coatings. 
The large band in the region from 1250 cm− 1 to 1000 cm− 1 is associated 
with Si–C, Si–O–Si, and Si–O which vibrated in 1290, 1235, and 1125 
cm− 1. These oxysilane groups prove the polymerisation on the Al sub-
strate. At 1480, 1320, and 1290 cm− 1 the stretching modes of –CFx (–CF, 
–CF2, and –CF3) appeared and were observed even in the case of the 
ECA-PF coating. It also seems that the –CF2 appeared at a secondary 
vibration at 1230 cm− 1 [34]. Moreover, the peaks that appeared at 1000 
cm− 1 to 875 cm− 1 are attributed to Si-O-Si bridges or silyl groups that 
occur after the condensation of silane forming the self assembled 
monolayers (SAMs) which orient the aliphatic fluorocarbons towards 
the external layer of the surface [38]. From 830 cm− 1 to 500 cm− 1 the 
vibrations can be attributed to –O–Si–H that is present the transition 
clusters between hydrolysis and the condensation of the used 
fluoro-alkyl silane. The SAM arrangement on the solid substrate can then 
be drawn in the following scheme illustrated in Fig. 6a. 

Essential oil vibration exhibited various peaks and ranges which is in 
concordance with the huge elementary components and bioactive 
molecules inside essential oils such as ECA essential oil. Indeed, the 
Eucalyptus oil is a complex mixture of monoterpenes and oxygenated 
sesquiterpenes [21], as well as aromatic phenols, oxides, ethers, alco-
hols, esters, aldehydes, and ketones [3] such as eucalyptol, eucamalol, 
citronellal, citronellol, citronellyl acetate, p-cymene, limonene, linalool, 
α-pinene, γ-terpinene, α-terpineol, and aromadendrene. These family of 
components could be able to inhibit bacteria growth. The range that 
appears between 1750–1635 cm− 1 can be attributed to –C=O–OH or 
aryl –C(H)=O which are alkyl ketones and aryl aldehydes-based com-
ponents whose vibrations are similar to the essential oil of Laurus nobilis 
[41]. These peaks can be identified in the ECA spectra by the stretching 
mode as a Citronellal, based on the vibration of C=O at 1750-1725 cm− 1 

and by the stretching vibration of C=C at 1674 cm− 1 as well as a CH3 
symmetrical deformation vibration occurring at 1382 cm− 1 [8]. Citro-
nellol also contributes to the intensive signals at 1675 and 1380 cm− 1, 
also with the characteristic band at 1257 cm− 1 due to the deformation of 
the C–O–H group [35]. 

The coating containing the ECA essential oil and the fluoro-alkyl 
silane mixture showed vibrations that explain a possible linkage 
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Fig. 4. SEM micrographs of etched aluminum substrate with and without coatings; a1: Initial feature of aluminum substrate; a2-a3: Structure of aluminium substrate 
after 5 min of etching; b1-b3: Structure of aluminium substrate after 10 min of etching; c1-c3: Structure of aluminium substrate after 20 min of etching; d1-d3: 
Structure of aluminium substrate after 30 min of etching; e1-e3: Final obtained aluminium substrate structure coated by PF, and f1-f3: Final obtained aluminium 
substrate structure coated by ECA:PF. Note: Cercles in the figures represent the relatively smooth surface-zones; Arrows show the bumps and holes 
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between ECA and PF in the coating. The conserved chemicals in the case 
of the PF were given by the specific range situated at 1750-1635 cm− 1 

and the stretching modes of –CFx that appeared between 1500 and 1250 
cm− 1. These two ranges explain the superhydrophobicity seen in the 
case of the ECA-PF coating. The large range indicating the –OH group 
manifests at the higher frequencies 3600 to 3200 cm− 1 and can be 
attributed to molecules – OH owning groups such as eucalyptol, citro-
nellol, linalool, and α-terpineol coming from the ECA essential oil which 
were also conserved and so may explain the conservation of the anti-
bacterial effect of the essential oil in the ECA-PF hybrid coating. Fig. 6b 
summarizes this coating. 

Moreover, the observed asymmetric C–H stretch of an aliphatic 
compound can be attributed here to the methyl group that occurred at a 
slightly higher frequency than the symmetric vibrations, 2930-2875 and 
2855 cm− 1 respectively for methyl [16] and may be the –C–OH). These 
vibrations can be explained by the solvent used which is methanol. 
These groups appear in all the FTIR spectra which supports this 
interpretation. 

Antibacterial activities of the surface’s components 

Growth inhibition tests 
Different volumes of essential oil of eucalyptus (ECA) were added to 

the bacterial cultures. The monitoring of bacteria growth is represented 
in Fig. 7a. The curves show that the control growth of B. cereus reached 
an average about 0.381 units of optical density absorbance at 603 nm 
after 30 h of culture. However, the growth decreased as a function of 
essential oil concentration in the case of 10 μL of ECA per 10 mL of liquid 
medium. The growth attained an average value equal to 0.305 units 
after 30 h of incubation. Using 25 and 75 μL of ECA per 10 mL of liquid 
medium, the growth was almost at the initial level (0.045 units of optical 
density [OD]) which proved the antibacterial effect of ECA against 
B. cereus. 

E. coli as a gram-negative bacterium was tested against the euca-
lyptus essential oil as an antibacterial agent used in the design of the 
surface, and the curves are given in Fig. 7b. The curves show that 
bacteria growing in different amounts of ECA presented a significant 
difference starting from the first six hours compared to the control. 
Indeed the E. coli control culture showed typical growth of bacteria as a 
function of time starting from 0.073 of OD units and reaching 0.532 
units after 30 h. The cultures treated with 10, 25, and 75 μL of ECA 
showed final growth average values equal to 0.372, 0.108, and 0.074 
units of OD, respectively. In the case of the higher concentrations of ECA 
the growth of bacteria was totally stopped, and the bacteriostatic effect 
was established from the earliest time of the incubation. It is possible 
that a bactericide effect was also established using ECA essential oil. 

Inhibition discs tests for surface components 
To confirm the antibacterial behavior of the components of the 

surface, ECA essential oil and PF were tested in a solid medium using 
diffusing discs. The results are given in Fig. 8. The inhibition of the pre- 
polymer presented an antibacterial effect against E. coli represented by 
an inhibition total diameter of 17.66 mm and 23 mm in the case of 
B. cereus. The difference may be due to gram type, as the peptidoglycan’s 
wall protects the gram-negative bacteria. The essential oil of ECA pre-
sented an inhibition diameter estimated to 21.66 mm in the case of 
E. coli which is clearly superior to the inhibition caused by PF in the case 
of E. coli. This proves the antibacterial effect of the ECA. In the case of 
B. cereus, ECA essential oil produced an inhibition zone estimated to be 
24.66 mm and confirmed that the ECA is highly active against gram- 
negative and gram-positive bacteria. 

Anti-biofouling tests 

Case of B. cereus 
The biofouling ability of the surfaces was studied with the two 

Fig. 5. FTIR analysis of the surface modifications.  
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chosen bacteria, the results are given in Fig. 9. The test was carried out 
with B. cereus. As the test is a contamination of the surface by 100 μL of a 
bacterial culture, this volume was inoculated to sterilized tube con-
taining 10 mL of sterilized liquid medium. The growth of the bacteria 
was then evaluated after 24 h and considered as a control, it is given in 
the histogram labeled “B. cereus equiv”. The “B. cereus equiv” shows that 
after 24 h the growth of bacteria reached 0.370 (OD603nm) as an average 
value for a normal growth. The same contamination (100 μL of bacteria) 
applied on an Al substrate and all micropatterned substrates showed a 
similar growth of bacteria, 0.347 units of OD603nm in the case of the Al 
substrate, 0.352 units in the case of Al etched 10 and 20 min, and 0.325 
units in the case of Al etched for 30 min. These values are explained by 
micronanopatterns working to favor the colonisation of surfaces when 
there are no superhydrophobic barriers or antibacterial agents. In the 
case of 10 min Al /PF and Al/ECA-PF the growth values were 0.355 and 
0.312 OD units at 603 nm, respectively, which can be considered as 

bacteria growth at the exponential phase. This can be explained by the 
relatively low value of the contact angle and the elevated sliding angles 
of these two surfaces which did not reach the value of a super-
hydrophobic barrier. The surface received a part of the bacteria medium 
droplet which promoted the growth of bacteria after it entered into 
contact with the nutritive broth. 

In case of the surfaces developed using micronanopatterns created 
after 20 and 30 min of etching, the values of OD603nm were 0.008 and 
0.018 units in the case of 20 min Al/PF and Al/ECA-PF. The growth of 
the bacteria reached 0.003 and 0.011 units at OD603nm in the case of 30 
min Al/PF and Al/ECA-PF respectively. These values can be considered 
as no bacteria growth in the medium compared to the LB broth absor-
bance at 603nm and imply that the anti-biofouling in this case was 
through the superhydrophobicity of the surface. 

Fig. 6. Chemical depiction of the coatings; a: Scheme of PF-based coating; b: Scheme of ECA-PF-based coating.  
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Case of E. coli 
In the case of E. coli the results are given in Fig. 10. Results on E. coli 

are similar to B. cereus for the naked micronanopatterned surface which 
proved the affinity of bacteria to the micronanostructure of the sub-
strate. Compared to E. coli eq (0.458 OD units), the un-etched Al sub-
strate and the Al substrates etched for 10, 20, and 30 min presented an 
exponential growth of bacteria which confirmed this fact (optic densities 
were 0.426, 0.425, and 0.448 units respectively for 10, 20, and 30 min of 
etching). It is important to mention that 10 min Al/PF and Al/ECA-PF 
also showed an exponential phase of bacteria growth which suggests 
that the bacteria drop used for the test was not totally rolled off from the 
surface in these two cases and could contaminate the surface. In case of 

20 min Al/PF, Al/ECA-PF, and 30 min Al/PF, Al/ECA-PF, the anti- 
biofouling became positive, and the surfaces were not contaminated 
after the inoculation of E. coli. There is a slight difference between 
biofouling activity of PF coatings and ECA-PF coatings that can be 
interpreted as an antibacterial property due to the essential oil. 

Discussion 

The unidirectional observed patterns after the first five minutes of 
etching suggest that the acid started following the orientation planes of 
the alloy surface that was the most exposed zone in the substrate. This 
same phenomenon was also found by Menezes et al. [39]. In the current 

Fig. 7. Inhibition effect of essential oil on bacteria 
growth; a: B. cereus; b: E. coli;a: Growth curves of Ba-
cillus cereus in presence of essential oil of eucalyptus; b: 
Growth curves of E. coli in presence of essential oil of 
eucalyptus; Note: Growth of B. cereus (a) and E. coli (b) 
in the presence of eucalyptus essential oil; the control is 
the culture under standard conditions, 10μL ECA: is the 
culture treated with 10 μL of essential oil, 25 μL ECA: 
culture treated with 25 μL of essential oil, and 75 μL 
ECA: culture treated with 75 μL of the essential oil.   
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study, it can be explained by the fact that the acid attack followed the 
initial feature of the alloy surface (Fig. 4 a1). Moreover, previous studies 
showed that the optimal texture includes critical parameters such as the 
length of the microstructure and the distance between micro-peaks 
which contribute to the wettability behavior until entering the Wenzel 
wettability model [20,30]. Almost the same results were observed in this 
study when the texture density was much lower, in the case of the 
texture created during the first 10 min for the coated substrates. 

In case of micropatterned substrates, Bikerman investigated the 
relationship between sliding angles and roughness on stainless steel 
plates and showed that surface roughness provides resistance to water 
droplets for sliding [65]. Based on this, the surface keeps a portion of the 

initial contaminated water droplet and so the bacteria will grow when 
they reach a nutritive medium. This fact was observed in this study and 
suggests higher contamination in all un-coated substrates with E. coli 
and B. cereus. Moreover, Avramescu et al. proved that decreasing surface 
roughness led to an increase of the contact area between the drop and 
the surface [7]. This fact corroborates with the current results and 
explained the biofouling observed in the two cases of bacteria with 
un-coated aluminium substrates and even for 10 min Al/PF and ECA-PF 
surfaces. However, when applied the nanocoating, especially the hybrid 
layer based on ECA-PF, with the appropriate micronanostructures of 20 
min and 30 min Al the anti-biofouling property was positive, which can 
be explained by an entrapped air-bubble layer that reduced contact 

Fig. 8. Antibacterial effect of surface components (ECA and PF) against E. coli and B. cereus using inhibition disc test.  

Fig. 9. Biofouling activity of different surfaces in case of B. cereus. Equiv: Standard volume of bacteria used for the test; Al: Native aluminium substrate; Al Xmin PF: 
different micronanostructures depending on time etching coated by PF; Xmin ECA-PF: different micronanostructures depending on time etching coated by the 
formulation of ECA et PF 
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between the bacteria-contaminated water and the surface. These sur-
faces allow water to roll onwards, and the rolling motion picks up par-
ticles including bacteria and viruses [28]. 

Without altering the surface chemistry, the wettability of the surface 
followed the microstructure given by etching time. When the roughness 
of the surface increased, and the texture become micro-nano structured 
(at 30 min of etching) the contact angle increased and the sliding angle 
decreased. This fact was confirmed by Wang et al. in [56]. Moreover, 
one study claims that the fluorinated prepolymer with low surface en-
ergies used in the development of superhydrophobic surfaces could be 
considered as a pollutant [58]. However, this toxicity can be limited by 
increasing the number of carbon-fluorine bonds to increase the stability 
of the polymer. The PF-used polymer is a highly fluor branched molecule 
with silicious atoms as nearby carbon-fluorine associated bonds which 
increase strength and stability, making this prepolymer an environ-
mentally safer molecule [27]. It is important to mention that the alkyl 
fluoro-oxysilane was also used in the case of a different solid substrate 
and in addition to creating superhydrophobicity it had an inhibiting 
effect on the growth of bacteria [63] which gives more importance to 
these surfaces containing an active agent against bacteria coupled with 
hydrophobic fluoro-alkylsilane also having an antibacterial propriety. In 
this study the fluoro alkyl silane was easily hybridized with the essential 
oil and constituted an effective nanocoating to prevent bacteria depo-
sition on the surface. This linkage suggests that there are some specific 
components in the essential oil which were responsible for the anti-
bacterial property reported. The most common compounds were the 
group of terpenes molecules such as eucalyptol, the specific molecule in 
eucalyptus essential oil having a hydroxyl group that was engaged in the 
linkage of the surface, given by FTIR. Then the available aromatic 
branch of the terpenes could offer the antibacterial propriety. Moreover, 
terpenes were reported by this capacity to inhibit the growth of bacteria 
[26]. 

The application of this coating is not limited to aluminium substrates 
and can be extended to other kinds of substrates. Privett et al., used 
fluorinated silica colloid alone as a superhydrophobic coating deposited 
on a glass substrate and tested the surface against anti-adhesive effects. 

The assay was carried out by counting the adhesive bacteria on the 
surface after 90 min of suspension deposition. The collected washing 
solutions were incubated for 24 h and counting consisted of measuring 
optical densities. The surface coated by silica colloids seemed to reduce 
the adhesion of Staphylococcus aureus and Pseudomenea aeruginosa 
adhesion [43]. The use of the current developed hybrid coating can be 
extended to several substrates such as textile and related substrates since 
the deposition can be made by immersion. The work carried out by 
Chauhan et al. showed the possibility of the application of coatings, 
similar to the current formulation, on different substrates [14]. 

Conclusion 

In this research a successful development of antibacterial surface was 
made by a nanohybrid coating based on Eucalyptus essential oil and a 
fluoro alkyl silane. The superhydrophobicity of the surface was made 
using the effective CFx polar groups of the fluoro alkyl silane. The 
antibacterial effectiveness of the surface worked with an original 
mechanism based on the double effect of the different components of the 
surface. The double effect was the ECA essential oil having an antibac-
terial propriety and the fluoro alkyl silane acting to reduce bacteria 
adhesion on the surface using superhydrophobicity. This formulation 
contributed to positive anti-biofouling which led to a surface highly 
protected against gram-positive and gram-negative bacteria. The 
mechanism of the surface action did not involve the release or diffusion 
of any element from the surface which made this surface environmen-
tally safer. Finally, the current formulation made by the hybrid coating 
based on essential oil and fluoro alkyl silane can be applied to different 
substrates in addition to aluminum such as textiles and glass. 
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Fig. 10. Biofouling activity of different surfaces in case of E. coli.  
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L. Musilová, R. Gajdošík, Preparation of textured surfaces on aluminum-alloy 
substrates, Materials 12 (1) (2019) 109, https://doi.org/10.3390/ma12010109. 

[32] H. Labiadh, S. Hidouri, ZnS quantum dots and their derivatives: Overview on 
identity, synthesis and challenge into surface modifications for restricted 
applications, J. King Saud Univ. Sci. 29 (4) (2017) 444–450. 

[33] A. Lateef, S.A. Ojo, M.A. Azeez, T.B. Asafa, T.A. Yekeen, A. Akinboro, I.C. Oladipo, 
E.B. Gueguim-Kana, L.S. Beukes, Cobweb as novel biomaterial for the green and 
eco-friendly synthesis of silver nanoparticles, Appl. Nanosci. 6 (6) (2016) 863–874. 

[34] A. Limcharoen, P. Limsuwan, C. Pakpum, K. Siangchaew, Characterisation of C–F 
polymer film formation on the air-bearing surface etched sidewall of fluorine-based 
plasma interacting with AL2O3-TiC substrate, J. Nanomater. 6 (2013). 

[35] D. Lin-Vien, N.B. Colthup, W.G. Fateley, J.G. Grasselli, The Handbook of Infrared 
and Raman Characteristic Frequencies of Organic Molecules, San Diego Academic 
Press Inc, 1991. 

[36] K. Maghsoudi, E. Vazirinasab, R. Jafari, G. Momen, Evaluating the effect of 
processing parameters on the replication quality in the micro compression molding 
of silicone rubber, Mater. Manuf. Process. 35 (14) (2020) 1567–1575. 

[37] A. Man, L. Santacroce, R. Jacob, A. Mare, L. Man, Antimicrobial activity of six 
essential oils against a group of human pathogens: a comparative study, Pathogens 
8 (1) (2019) (Basel, Switzerland)eng. 

[38] D.B. Mawhinney, J.A. Glass, J.T. Yates, FTIR study of the oxidation of porous 
silicon, J. Phys. Chem. B 101 (7) (1997) 1202–1206. 

[39] P.L. Menezes, K.S.V. Kishore, Influence of surface texture and roughness 
parameters on friction and transfer layer formation during sliding of aluminium 
pin on steel plate, Wear 267 (9) (2009) 1534–1549. 

[40] S.A. Ojo, A. Lateef, M.A. Azeez, S.M. Oladejo, A.S. Akinwale, T.B. Asafa, T. 
A. Yekeen, A. Akinboro, I.C. Oladipo, E.B. Gueguim-Kana, et al., Biomedical and 
catalytic applications of gold and silver-gold alloy nanoparticles biosynthesized 
using cell-free extract of bacillus safensis LAU 13: antifungal, dye degradation, 
anti-coagulant and thrombolytic activities, IEEE Trans. Nanobiosci. 15 (5) (2016) 
433–442, eng. 

[41] S.A. Ordoudi, M. Papapostolou, S. Kokkini, M.Z. Tsimidou, Diagnostic potential of 
FT-IR fingerprinting in botanical origin evaluation of Laurus nobilis L. essential oil 
is supported by GC-FID-MS data, Molecules 25 (3) (2020) 583. 

[42] S. Parvate, P. Dixit, S. Chattopadhyay, Superhydrophobic surfaces: insights from 
theory and experiment, J. Phys. Chem. B 124 (8) (2020) 1323–1360. 

[43] B.J. Privett, J. Youn, S.A. Hong, J. Lee, J. Han, J.H. Shin, M.H. Schoenfisch, 
Antibacterial fluorinated silica colloid superhydrophobic surfaces, Langmuir 27 
(15) (2011) 9597–9601, eng. 

[44] Y.Y. Quan, L.Z. Zhang, R.H. Qi, R.R. Cai, Self-cleaning of Surfaces: the role of 
surface wettability and dust types, Sci. Rep. 6 (1) (2016) 38239. 

[45] P.D. Rakowska, M. Tiddia, N. Faruqui, C. Bankier, Y. Pei, A.J. Pollard, J. Zhang, I. 
S. Gilmore, Antiviral surfaces and coatings and their mechanisms of action, 
Commun. Mater. 2 (1) (2021) 53. 

[46] AD. Russell, Bacterial resistance to disinfectants: present knowledge and future 
problems, J. Hosp. Infect. 43 (Suppl) (1999) S57–S68, eng. 

[47] H.A.E. Shaaban, A.H. El-Ghorab, T. Shibamoto, Bioactivity of essential oils and 
their volatile aroma components, Rev. J. Essent. Oil Res. 24 (2) (2012) 203–212. 

[48] H.M. Shackman, W. Ding, M.S. Bolgar, A novel route to recognizing quaternary 
ammonium cations using electrospray mass spectrometry, J. Am. Soc. Mass 
Spectrom. 26 (1) (2015) 181–189. 

[49] A.D. Sharma, I. Kaur, Jensenone from eucalyptus essential oil as a potential 
inhibitor of COVID 19 corona virus infection, Res. Rev. Biotechnol. Biosci. 7 (2020) 
59–66. 

[50] Sharma A.D., kaur I.. 2020. Eucalyptol (1,8 cineole) from eucalyptus essential oil a 
potential inhibitor of COVID 19 corona virus infection by molecular docking 
studies. 

[51] L. Shen, B. Wang, J. Wang, J. Fu, C. Picart, J. Ji, Asymmetric free-standing film 
with multifunctional anti-bacterial and self-cleaning properties, ACS Appl. Mater. 
Interfaces 4 (9) (2012) 4476–4483. 

[52] J. Silva, P.L.B. Figueiredo, K.G. Byler, W.N. Setzer, Essential oils as antiviral agents. 
potential of essential oils to treat SARS-CoV-2 infection: an in-silico investigation, 
Int. J. Mol. Sci. 21 (10) (2020) eng. 

[53] J.C. Tiller, C.J. Liao, K. Lewis, A.M. Klibanov, Designing surfaces that kill bacteria 
on contact, Proc. Natl. Acad. Sci. USA 98 (11) (2001) 5981–5985, eng. 

[54] M.Y. Vaidya, A.J. McBain, J.A. Butler, C.E. Banks, K.A. Whitehead, Antimicrobial 
efficacy and synergy of metal ions against enterococcus faecium, klebsiella 
pneumoniae and acinetobacter baumannii in planktonic and biofilm phenotypes, 
Sci. Rep. 7 (1) (2017) 5911. 

[55] E. Vazirinasab, R. Jafari, G. Momen, Application of superhydrophobic coatings as a 
corrosion barrier: a review, Surf. Coat. Technol. 341 (2018) 40–56. 

[56] J. Wang, Y. Wu, Y. Cao, G. Li, Y. Liao, Influence of surface roughness on contact 
angle hysteresis and spreading work, Colloid Polym. Sci. 298 (8) (2020) 
1107–1112. 

[57] L.-.S. Wang, S. Xu, S. Gopal, E. Kim, D. Kim, M. Brier, K. Solanki, J.S. Dordick, 
Facile fabrication of antibacterial and antiviral perhydrolase-polydopamine 
composite coatings, Sci. Rep. 11 (1) (2021) 12410. 

[58] S. Xiang, W. Liu, Self-healing superhydrophobic surfaces: healing principles and 
applications, Adv. Mater. Interfaces 8 (12) (2021), 2100247. 

[59] L. Yan, F. Zhao, S. Li, Z. Hu, Y. Zhao, Low-toxic and safe nanomaterials by surface- 
chemical design, carbon nanotubes, fullerenes, metallofullerenes, and graphenes, 
Nanoscale 3 (2) (2011) 362–382, eng. 

S. Hidouri et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0001
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0001
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0001
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0002
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0002
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0003
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0003
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0003
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0004
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0004
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0004
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0005
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0005
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0005
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0006
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0006
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0006
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0006
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0007
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0007
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0007
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0008
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0008
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0008
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0009
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0009
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0009
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0010
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0010
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0010
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0011
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0011
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0011
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0012
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0012
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0013
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0013
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0013
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0014
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0014
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0014
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0015
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0015
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0016
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0016
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0017
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0017
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0017
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0017
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0018
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0018
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0019
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0019
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0019
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0020
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0020
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0020
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0021
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0021
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0021
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0022
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0022
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0023
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0023
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0023
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0023
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0024
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0024
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0025
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0025
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0025
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0026
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0026
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0026
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0027
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0027
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0028
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0028
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0028
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0029
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0029
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0029
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0029
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0030
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0030
https://doi.org/10.3390/ma12010109
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0032
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0032
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0032
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0033
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0033
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0033
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0034
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0034
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0034
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0035
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0035
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0035
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0036
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0036
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0036
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0037
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0037
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0037
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0038
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0038
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0039
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0039
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0039
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0040
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0040
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0040
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0040
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0040
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0040
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0041
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0041
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0041
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0042
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0042
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0043
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0043
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0043
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0044
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0044
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0045
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0045
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0045
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0046
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0046
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0047
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0047
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0048
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0048
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0048
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0049
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0049
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0049
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0051
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0051
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0051
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0052
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0052
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0052
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0053
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0053
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0054
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0054
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0054
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0054
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0055
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0055
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0056
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0056
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0056
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0057
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0057
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0057
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0058
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0058
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0059
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0059
http://refhub.elsevier.com/S2666-5239(22)00042-3/sbref0059


Applied Surface Science Advances 9 (2022) 100252

13

[60] Y. Yoon, D. Kim, J.B. Lee, Hierarchical micro/nano structures for super- 
hydrophobic surfaces and super-lyophobic surface against liquid metal, Micro 
Nano Syst. Lett. 2 (1) (2014) 3. 

[61] B.X. Zhang, S.L. Wang, X.D. Wang, Wetting transition from the cassie–baxter state 
to the wenzel state on regularly nanostructured surfaces induced by an electric 
field, Langmuir 35 (3) (2019) 662–670. 

[62] D. Zhang, L. Wang, H. Qian, X. Li, Superhydrophobic surfaces for corrosion 
protection: a review of recent progresses and future directions, J. Coat. Technol. 
Res. 13 (1) (2016) 11–29. 

[63] X. Zhang, M. Järn, J. Peltonen, V. Pore, T. Vuorinen, E. Levänen, T. Mäntylä, 
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