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Abstract

The biomimetic replication of the lotus leaf to create hierarchical surface morphology has attracted significant research interest due
to its potential applications in self-cleaning, anti-corrosion, anti-fouling, and anti-icing surfaces. Several attempts have been made to
create such structure using metal-fatty acid combination. However, zinc myristate (ZnMTA) surfaces have not been fully explored,
despite their relevance and promise in surface engineering. In this study, a superhydrophobic coating was fabricated on a copper
substrate through the electrochemical deposition of zinc, followed by thermal annealing and surface modification using myristic
acid (MTA). The electrodeposition and annealing processes generated a hierarchical micro-nano surface morphology, whereas surface
modification led to the formation of a low-surface-energy ZnMTA layer. Scanning electron microscopy revealed micro-scale clusters
decorated with nano-petal structures, producing void spaces capable of trapping air. Quantitative image analysis indicated a void
fraction of 86.7 + 5.4%, which is conducive to the formation of a Cassie-Baxter-type wetting regime. As a result, the coating exhibited
excellent water repellency, with a water contact angle of 156° + 0.8°, contact angle hysteresis of 5°, and roll-off angle or sliding angle
of 4°. High-speed imaging of droplet impact further demonstrated droplet rebound with a contact time of 28 ms and a spreading
factor of B = 2.33, indicating weak liquid-solid adhesion forces. The combination of hierarchical roughness and low surface energy
renders the developed coating promising for applications requiring durable water-repellent surfaces.
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1 Introduction

The study of wettability on surfaces has been explored rig-
orously in recent decades due to the promising aspect of
its practical implications [1-4]. The wettability of a sur-
face is quantified by the water contact angle 6 (WCA). Super Hydrophilic
It is the angle formed at the three-phase contact line hydrophilic § 10°<8<90°
between the liquid—vapor interface and the solid surface.

Based on the contact angle the surfaces have been classi-

fied into four categories (Fig. 1) [5]. Surfaces are typically ' dSUP:' sic | Hydrophobic
ydrophobic

categorized as superhydrophilic (8 < 10°), hydrophilic >150°

(10° <6 <90°), hydrophobic (90° < 8 < 150°), and superhy-
drophobic (6 > 150°). One of the extremes of this spectrum

90°<B<150°

is superhydrophobicity, in which a surface shows superior

anti-wetting properties with a WCA greater than 150° [6].

Naturally occurring substances, such as lotus leaf, are Fig. 1 Classification of solid surfaces based on water contact angle
known to show such excellent anti-wetting property with (WCA) showing superhydrophilic, hydrophilic, hydrophobic, and
low sliding angle (SA), commonly known as "lotus leaf superhydrophobic regimes
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effect”" [7]. The study of such naturally occurring surfaces
revealed that the combined effect and physical and chemi-
cal characteristics of the surface impart such superior anti
wetting properties. At the physical level, the surface should
have binary roughness, whereas at the chemical level, it
should have low surface energy [8, 9].

For rough and textured surfaces, apparent wettability
is often interpreted using the Wenzel and Cassie—Baxter
models, which describe complete wetting and composite
solid—air wetting states, respectively [10, 11]. Although
the WCA provides information on surface hydrophobicity,
it does not fully characterize droplet mobility and adhe-
sion. Therefore, additional parameters, such as the contact
angle hysteresis (CAH) and roll-off or SA, are frequently
employed (Fig. 2). CAH, defined as the difference between
the advancing and receding contact angles, is closely asso-
ciated with contact line pinning and droplet adhesion. Low
CAH and SA facilitate the movement of the three-phase
contact line of the droplet on the surface; hence, a supe-
rhydrophobic surface (WCA > 150°) with low hysteresis
and roll-off angle exhibits low adhesion between the drop-
let and the surface, and the drop can easily roll off the sur-
face, which is pivotal in applications such as self-cleaning.
Whereas the a superhydrophobic surface (WCA > 150°)
with high CAH and SA show high adhesion between droplet
and surface due to pinning of droplet pivotal in applications
like separation process and directional liquid transport [12].
Lotus leaves and rose petals both exhibit contact angle in
excess of 150°, but the CAH on a lotus leaf is <5°; whereas,
rose petal show a high CAH of 105° [12, 13]. Lotus leaves
exhibit low CAH because they maintain a stable Cassie—
Baxter state with trapped air, resulting in a minimal contact
area and low adhesion. In contrast, rose petals exhibit high
hysteresis because of a composite Cassie—Baxter wetting
state, where partial liquid penetration increases the solid—
liquid contact and promotes strong pinning.

Superhydrophobic coatings have been extensively devel-
oped on a wide range of substrates, including metals,
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polymers, glass, and ceramics, depending on the intended
application [14—16]. Among these, metallic substrates have
attracted significant attention due to their widespread indus-
trial use and susceptibility to corrosion [16—18]. Copper and
its alloys, being among the most widely used metals in appli-
cations ranging from heat exchangers and electrical instru-
ments to marine and medical equipment, have been the
focus of considerable research on superhydrophobic coat-
ings and their corresponding wettability characteristics [19].
In this context, long-chain fatty acids, such as myristic
acid (MTA), stearic acid (STA), and palmitic acid (PA),
are commonly employed for surface modification, as their
extended hydrocarbon chains effectively reduce surface
energy, making them highly suitable for achieving super-
hydrophobic behaviour. Liu et al. [20] studied the cerium
myristate coating on a copper substrate and found a WCA
of 161.7°and a CAH of 3°. Yuan et al. [21] formed a fluoro-
polymer film on a through graft polymerization on copper
substrate and found a WCA of 159° and corrosion efficiency
of 95.3%. Zhi Chen et al. [9] studied the electrodeposited
coating of lanthanum chloride and MTA on copper. A high
WCA of 165° with a SA of 2° was observed. Fan et al. [22]
studied the superhydrophobic coating through electrodepo-
sition on both cathode and anode with copper as substrate.
They used STA as surface modifier and found the contact
angle on both the electrodes were greater than 150°, while
cathode showed a SA of 4° the anode showed a SA of 6.2°.
Yang et al. [23] coated the copper substrate with nickel
and MTA through electrodeposition and found a WCA
of 160.3 £ 1.5° with SA of 3.0 + 0.5°. Xi et al. [24] studied
the WCA and the SA on electrodeposited copper substrate.
They used aqueous 0.08 M CuSO, and 0.06 M H,SO, as
an electrolyte. The study of surface morphology with scan-
ning electron microscopy (SEM) revealed a lotus like mor-
phology and a WCA and SA of 153.5° and 7.9° respectively.
Han Jie et al. [25] studied the coating on brass substrate
though combination of etching and heat treatment approach
followed by low surface energy modification of STA.
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Fig. 2 Schematic illustration of different wetting states and droplet dynamics on solid surfaces: (a) Young's wetting state on an ideal smooth surface;

(b) Wenzel state where the liquid fully penetrates the surface roughness; (c) Cassie—Baxter state where the droplet rests on surface asperities with

trapped air pockets; (d) Cassie—Wenzel transition illustrating partial liquid penetration into surface structures; (e) roll-off angle depicting droplet

motion on an inclined surface; and (f) contact angle hysteresis showing advancing and receding contact angles.



They found a high WCA of 153.6° with excellent anticorro-
sive property. Some researchers have also developed super-
hydrophobic coating on other substrates like Lee et al. [26]
studied the superhydrophobic coating of Cu-Ni composite
electrodeposition on a silicon wafer which shows a WCA
of 158° + 1° with a SA of 10°. Li et al. [27] studied the coat-
ing of Cu-Zn coating on steel substrate without any further
surface modification. Interestingly after 60 days of stor-
age in air the coating turned superhydrophobic with WCA
154.73° and SA of 6.5. Mamgain et al. [28] have fabricated
Cu-Al superhydrophobic coating fabricated on steel via
electrodeposition followed by STA modification, achieving
a WCA of 152° and corrosion protection efficiency of 98%.
The enhanced performance was attributed to the hierarchical
nano-flower morphology and reduced electrolyte—surface
contact. Tran et al. [29] fabricated a superhydrophobic alu-
minium surface by combining laser texturing, boiling-wa-
ter-induced pseudo-boehmite nanostructures, and silicone
oil modification, achieving a corrosion protection efficiency
of up to 99.4% along with excellent environmental stabil-
ity and water-repellent performance. Wang et al. [30] devel-
oped a facile and scalable spray-coating approach using
HDTMS-modified diatomite and epoxy resin to fabricate
superhydrophobic coatings on magnesium alloys, achieving
a WCA of 157°, corrosion protection efficiency of 99.8%,
and excellent anti-icing, chemical stability, and mechanical
robustness. Tan et al. [31] developed a superhydrophobic Co/
Ag composite coating through one-step electrodeposition,
exhibiting excellent water repellency (WCA = 163.8°),
superior corrosion protection, mechanical robustness, and
anti-biofouling properties for marine applications.

Despite extensive research on superhydrophobic coat-
ings for metallic substrates, most studies primarily report
the WCA as the principal metric for evaluating surface
wettability and deals with the application aspect of the
coating like anti-corrosion, anti-icing, self-cleaning etc.
While the contact angle (CA) provides information about
the static wetting behaviour and the degree of hydropho-
bicity of a surface, CAH reflects the difference between
the advancing and receding contact angles and is closely
associated with droplet adhesion and pinning on the sur-
face [32, 33].
angle at which a droplet begins to move, providing insight

Similarly, SA represents the inclination

into droplet mobility on textured surfaces [14]. A limited
number of studies have systematically investigated the
combined influence of these parameters together with sur-
face morphology and chemical modification, particularly
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in coatings modified with long-chain fatty acids, such as
MTA. The absence of such integrated analyses creates an
important gap in understanding how hierarchical surface
structures and surface chemistry collectively influence
droplet dynamics and wetting regimes, which is crucial
for optimizing functional superhydrophobic coatings for
practical applications. Addressing this limitation is there-
fore essential for advancing both the fundamental under-
standing of wetting mechanisms and the development of
surfaces with controlled droplet mobility for applications
such as self-cleaning, anti-corrosion, and condensation
management. Furthermore, to the best of our knowledge,
the dynamic wetting characteristics of electrodepos-
ited and myristic-acid-modified superhydrophobic coat-
ings, particularly droplet rebound behaviour, contact
time, and spreading dynamics, have not been systemati-
cally correlated with CAH, SA, and surface void fraction.
The present work deals with the integrated evaluation of
static wettability, droplet adhesion, and impact dynamics
in conjunction with detailed morphological, chemical, and
void fraction analyses, thereby providing a comprehensive
understanding of the relationship between surface struc-
ture, surface chemistry, and droplet mobility.

In the present study, a facile electrochemical deposition
approach combined with MTA modification is employed
to fabricate a superhydrophobic coating on a copper sub-
strate (Fig. 3). The influence of MTA concentration on
wettability is systematically investigated through a com-
prehensive evaluation of the WCA, CAH, SA, and drop-
let impact dynamics, together with detailed morphologi-
cal and chemical characterization. The optimized coating
exhibited a high-WCA of 156° + 0.8°, low CAH of 5°
and a SA of 4°, demonstrating excellent water repellency
and low droplet adhesion. High-speed imaging further
revealed rapid droplet rebound with a contact time of
28 ms and a spreading factor of f = 2.33, indicating effi-
cient energy restitution and weak liquid—solid interaction.
These results highlight that the enhanced wetting perfor-
mance arises from the synergistic effect of a hierarchi-
cal micro—nano surface architecture and reduced surface
energy associated with zinc myristate (ZnMTA) forma-
tion, which collectively promote air entrapment and stabi-
lization of the Cassie—Baxter wetting regime. The present
study thus provides a deeper understanding of the rela-
tionship between surface structure, surface chemistry, and
droplet dynamics, offering valuable insights for the design
of advanced superhydrophobic coatings.
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Fig. 3 Schematics of superhydrophobic surface formation and wetting behaviour. Hierarchical surface roughness generated by Zn deposition,

combined with low surface energy modification by MTA, promotes a Cassie—Baxter wetting regime. The entrapped air pockets reduce the solid—

liquid contact fraction (fs), as described by the Cassie—Baxter relation, leading to high contact angle, low hysteresis, and efficient droplet rebound.

2 Methodology

2.1 Sample and solution preparation

In this study, copper plates with a purity of 99% were used
as substrates. The copper sheets, with a thickness of 2 mm,
were cut into square samples of 10 mm x 10 mm. Prior
to coating, the samples were mechanically polished using
a polishing machine with silicon carbide abrasive papers
with grit sizes ranging from 150 to 2000 to obtain a mir-
ror-like surface finish. After polishing, the samples were
ultrasonically cleaned in deionized water and ethanol to
remove residual contaminants from the surface. Following
the cleaning process, the samples were degreased in a
sodium hydroxide solution and subsequently rinsed again
using ultrasonic cleaning. To activate the surface and
improve coating adhesion, the samples were etched in a
ferric chloride solution prior to electrodeposition. For the
electrodeposition process, an aqueous electrolyte solu-
tion containing zinc acetate was prepared using deionized
water. Electrodeposition was carried out using a direct
current (DC) power supply at 5 V for 20 min. After depo-
sition, the coated samples were thoroughly rinsed with
deionized water and ethanol and then allowed to dry under
ambient conditions. The deposited samples were subse-
quently annealed at 120 °C for 60 min to stabilize the coat-
ing structure. Finally, the samples were immersed in an
ethanolic solution of MTA for 5 min to modify the surface
with a low surface energy layer, followed by air drying
under ambient conditions.

2.2 Measurement and analysis

The chemical composition of the coating was character-
ized using energy-dispersive X-ray spectroscopy (EDS),
X-ray diffraction (XRD), and Fourier transform infra-
red spectroscopy (FTIR). XRD patterns were recorded
using a PANalytical X'Pert PRO X-ray diffractometer
(PANalytical B.V., Netherlands) employing Cu Ka radia-
tion (4 = 1.5406 A) and performed at 45 kV and 40 mA.
FTIR spectra were recorded using a PerkinElmer Spectrum
Two FTIR spectrophotometer (PerkinElmer, UK) spec-
trometer over the wavenumber range of 4000—400 cm™
at a spectral resolution of 4 cm™. Elemental composition
was determined using an energy-dispersive X-ray spectros-
copy (EDS) system attached to the SEM. The combined
XRD, FTIR, and EDS analyses were employed to identify
the crystalline phases, chemical functionalities, and elemen-
tal composition of the coating. Since the chemical composi-
tion of the surface governs its surface energy, these analyses
are essential for understanding the wettability character-
istics of the fabricated coating. The surface morphology
and microstructural features of the coating were examined
using a Zeiss Supra 40 VP (Carl Zeiss Microscopy GmbH,
Germany) scanning electron microscope (SEM) operated at
an accelerating voltage of 5 kV and a working distance of
approximately 4.1 mm. SEM image analysis was performed
using ImagelJ (Version 1.54p; Wayne Rasband and contrib-
utors, National Institutes of Health, Bethesda, MD, USA).



For void fraction analysis, high-resolution SEM micro-
graphs were first converted into 8-bit grayscale images
using Imagel, followed by controlled contrast enhancement
through histogram normalization (0.3—0.5% saturated pix-
els) to improve phase discrimination between solid features
and void regions. Where necessary, background correc-
tion was applied to minimize non-uniform image inten-
sity. The processed images were subsequently subjected
to thresholding to generate binary images, from which the
void fraction was quantified using the ImageJ software's
area-fraction measurement tools. Particle size distribu-
tion analysis of the surface micro-clusters was also per-
formed using ImageJ] from calibrated SEM micrographs.
Therefore, a combined analysis of surface chemistry and
morphology is necessary to understand the mechanisms
responsible for the observed superhydrophobic behaviour.
Surface morphology plays a critical role in determining the
roughness characteristics of the coating, which significantly
influence wetting behavior and the stabilization of different
wetting regimes. Therefore, a combined analysis of surface
chemistry and morphology is necessary to understand the
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mechanisms responsible for the observed superhydrophobic
behavior. The wettability characteristics of the coated sur-
face, including the WCA and CAH, were measured using a
goniometer (Model 290, ramé-hart instrument co., USA).
The SA was determined by gradually tilting the sample
until the droplet began to move. The dynamic interaction
between water droplets and the coated surface was inves-
tigated using a Photron FASTCAM Mini UX50 160K-M-
4GB (Photron, USA) high-speed camera to analyze droplet
impact and rebound behavior.

3 Results and discussion

3.1 Chemical nature of the coating

The chemical nature of the coating was analysed through
FTIR, XRD and EDS of the coated sample (Fig. 4).
The FTIR sharp absorption bands (Fig. 4(a)) at 723 cm!
and 743 cm™" are assigned to the —CH, rocking modes of
long MTA chain, whereas the bands at 839 cm™, 902 cm™
and 948 cm™ are assigned to the out of plane C-H bending
or wagging [34]. In the mid-region, the minor vibrational
bands at 1043 cm™, 1094 cm™, 1192 cm™!, and 1245 ¢cm™
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Fig. 4 Characterization of the coated surface: (a) FTIR spectrum showing characteristic peaks corresponding to ZnMTA formation; (b) XRD pattern

of the coated sample indicating crystalline phases associated with the deposited layer; (c) EDS spectrum confirming the presence of Zn, O, and C

elements on the coating; and (d) schematic representation of the bridging bidentate coordination structure of ZnMTA.
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are attributed to C—O stretching, —CH, twisting and wag-
ging. The prominent absorption bands located at 1396 cm™
and 1538 cm™ are attributed to the symmetric and asym-
metric stretching vibrations of the carboxylate (COO")
group, respectively. The appearance of these charac-
teristic carboxylate bands, together with the absence of
the C=0 stretching absorption band in the 1700—1725 cm™
region characteristic of free MTA, confirm the formation
of ZnMTA on the surface. Furthermore, the separation
between the asymmetric and symmetric COO™ stretch-
ing vibrations (Av = 142 cm™) suggests a bridging biden-
tate coordination mode, wherein the carboxylate oxygen
atoms interact with two different Zn?" centres, result-
ing in the formation of an extended coordination net-
work [35] (Fig. 4(d)). The vibrational band at 1460 cm™ is
attributed to the —CH, scissoring, due to the presence of
a long-chain fatty acid. The other absorption band lie in
the high wavenumber region where 2847 cm™, 2918 cm™,
2956 cm™' is assigned to the C-H stretching from the CH,
and CH, groups present in long alkyl chains of MTA [36].
The vibrational band at 3443 cm™ may suggests adsorbed
water or surface hydroxyl groups, and at 3505 cm™ is due
to weakly hydrogen bonded —OH groups. An absorbance
band can also be observed in the region 400-600 cm™
which is assigned to the stretching of Zn—O bond, which
may be due to the formation of zinc oxide or ZnMTA or
both. It may be possible that some of the zinc molecules
may have converted into zinc oxide during the annealing
stage. The XRD of the coated sample (Fig. 4(b)) shows
peaks at 26 values of 5.12°, 6.79°, 7.75°, 9.01°, 10.40°,
11.25°, 13.03° and 19.46°, where 26 is the diffraction
angle between the incident and diffracted X-ray beams.
The peak at 5.12° is due to first-order lamellar spacing of
ZnMTA which come out to be around 1.72 nm [37-39].

The ZnMTA usually form bilayer or multilayer struc-
ture due long fatty acid chain. The peak at 10.4° can be
attributed to the distorted bilayer which reduced the overall
layer spacing. The peaks observed in from XRD analysis is
very similar to the ones found in metal soaps [37]. The pres-
ence of these peaks confirms the formation of ZnMTA on
the copper substrate. EDS analysis (Fig. 4(c)) of the coated
sample shows a high mass percentage of carbon and oxygen
in addition to the zinc which can be attributed to the forma-
tion of long chain myristate salt. The chemical nature of the
coating confirms a low surface energy MTA deposition on
zinc coated copper leads to the formation of ZnMTA.

3.2 Surface morphology

The SEM images (Fig. 5(a)-(e)) provide valuable insights
into the morphology of the coated surface at different mag-
nifications. At lower magnification (Fig. 5(a)), the surface
exhibits densely distributed spherical micro-clusters that
uniformly cover the substrate, indicating the successful for-
mation of a textured coating layer over the copper surface.
These micro-scale clusters appear to be randomly distrib-
uted but closely packed, creating a rough topography that
significantly increases the effective surface roughness. Such
surface roughness plays an important role in enhancing the
wetting properties of engineered surfaces. Another import-
ant feature observed in the SEM images is the presence of
interconnected voids and gaps between the micro—clusters
and nano—petal structures (Figs. 5(c) and 5d)). These voids
play a crucial role in determining the wetting behavior of
the surface. When a water droplet comes into contact with
the coated surface, these cavities act as air trapping sites
that retain air beneath the droplet. The trapped air pockets
effectively reduce the solid-liquid contact area, allowing
the droplet to rest partially on the solid surface and par-
tially on the entrapped air layer. This phenomenon corre-
sponds to the Cassie—Baxter wetting regime, where the
presence of air pockets within the surface structure leads
to reduced droplet adhesion and enhanced water repel-
lency. Consequently, droplets experience lower resistance
while moving across the surface, which contributes to the
observed low CAH and reduced SA. Therefore, the hierar-
chical micro—nano morphology consisting of micro-clus-
ters, nano-petal structures, and interconnected voids is
expected to play a crucial role in imparting superhydropho-
bic characteristics to the coated surface.

To further quantify the surface morphology, parti-
cle size distribution analysis of the micro-clusters was
performed using the ImageJ software at a magnifica-
tion of 10 um (Fig. 5(f)). The analysis indicates that the
micro-clusters possess an average diameter of 26.98 um
with a standard deviation of 7.97 pum, suggesting a rela-
tively consistent microstructural distribution across the
coating. The void fraction of the superhydrophobic sur-
face was quantified via digital image analysis using
ImageJ (Fig. 6) [40]. It should be noted that image-based
void fraction estimation provides a two-dimensional pro-
jected representation of the surface morphology and
does not fully capture subsurface features, pore depth,
or other three-dimensional roughness characteristics.
Furthermore, the calculated values may be influenced
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Fig. 5 SEM images of the coated copper surface at different magnifications illustrating the hierarchical micro—nano morphology responsible for the
observed superhydrophobic behaviour: (a) low magnification image (100 um scale) showing the distribution of micro-scale clusters over the surface;
(b) intermediate magnification (10 um scale) revealing densely packed micro-bumps; (c) higher magnification (2 pm scale) displaying interconnected
nano-petal structures forming a rough network; (d) detailed view of the hierarchical architecture (I um scale) composed of micro-clusters decorated
with nano-scale petals; (¢) close-up image (200 nm scale) highlighting petal-like nanostructures and voids that can trap air pockets; (f) particle size
distribution of the micro-clusters obtained using ImagelJ analysis from the SEM image at 100 um magnification.

Fig. 6 Quantification of surface void fraction for Cassie—Baxter analysis. (a) SEM image of Zn-based superhydrophobic coating, (b) contrast-

enhanced grayscale image, (c) binary image obtained via Otsu thresholding using ImagelJ, where white regions denote solid structures and black

regions represent air pockets. Scale bars are 250 nm.
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by image resolution, threshold selection, and local sur-
face heterogeneity. Nevertheless, this approach is widely
employed for estimating the solid—air fractions governing
apparent wettability and enables meaningful comparison
of textured surfaces. High-resolution SEM micrographs
were first converted into 8-bit grayscale images, followed
by controlled contrast enhancement using histogram nor-
malization (0.3-0.5% saturated pixels) to improve phase
discrimination between solid features and void regions.

Background correction was optionally performed prior
to segmentation to account for non-uniform illumination.
Binary images were then generated using an automated
global thresholding approach based on Otsu's method [41],
which determines an optimal threshold by minimizing
the intra-class variance between foreground and back-
ground pixel populations. The robustness of the segmen-
tation was further verified using the Triangle thresholding
method [42], which identifies the threshold from the geo-
metric relationship between the histogram peak and the
histogram tail. Post-thresholding, morphological opera-
tions were applied to eliminate isolated noise pixels and
ensure the structural continuity of the segmented features.

The void fraction (f,) was calculated as the ratio of the
projected void area to the total image area, while the solid
fraction (f) was obtained as (1 — f). To ensure statisti-
cal reliability, multiple regions of interest from different
areas of the sample were analysed under identical process-
ing parameters. The average void fraction was determined
to be 0.867 + 0.054, indicating a highly porous hierarchi-
cal surface capable of entrapping significant air pockets.
Such a high void fraction is conducive to a Cassie—Baxter-
type wetting regime and likely contributes to the observed
superhydrophobic behaviour.

3.3 Wettability

To evaluate the wettability of the fabricated surfaces, the
static WCA, CAH, and SA were measured. The variation
in the contact angle with MTA concentration is presented
in Fig. 7. The results demonstrate a nonlinear dependence
of wettability on MTA concentration. Initially, the contact
angle increases with increasing concentration, indicating
enhanced hydrophobicity due to improved surface cover-
age and reduced surface energy. However, beyond an opti-
mum concentration, a slight decrease in the contact angle
was observed. The maximum performance was obtained
at a concentration of 0.1 M MTA, yielding a contact angle
of 156° = 0.8°, a CAH of 5°, and a SA of 4°. These values
indicate excellent water-repellent properties.
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Fig. 7 (a) The variation of contact angle with the concentration of MTA,
(b) the contact angle of a sessile drop on the coated surface

The observed variation in wettability is governed by the
combined effects of surface chemistry and morphology.
The increase in the contact angle with increasing MTA
concentration up to 0.1 M can be attributed to the progres-
sive reduction in the surface energy owing to the adsorp-
tion of long-chain fatty acid molecules. The increase in
contact angle with increasing MTA concentration up to
0.1 M can be attributed to the progressive reduction in sur-
face energy owing to the adsorption of long-chain fatty acid
molecules. According to Young's equation [43], an increase
in contact angle corresponds to a decrease in the solid-lig-
uid interfacial energy (y,) relative to the solid—vapor inter-
facial energy. The adsorption of ZnMTA exposes non-po-
lar hydrocarbon chains at the surface, thereby weakening
interactions with polar water molecules and reducing the
tendency of water to spread on the surface. At higher con-
centrations, the slight decrease in the contact angle and
increase in hysteresis can be attributed to the over-depo-
sition of MTA, which may lead to the partial filling of sur-
face features. This reduces the effective air fraction at the
interface and promotes droplet pinning, thereby diminish-
ing the superhydrophobic performance.

The optimized surface at 0.1 M MTA was further ana-
lyzed using the Cassie—Baxter model by incorporating the



void fraction obtained from SEM image analysis. The void
fraction was determined to be 0.867 £+ 0.05, correspond-
ing to a solid fraction of 0.133. According to the Cassie—
Baxter relation (Eq. (1)):

cosO" = £, (cosO+1)-1 1)

where 6* is the apparent contact angle on the textured
surface, @ is the intrinsic contact angle of the chemically
modified smooth surface, and f, represents the solid—liquid
contact fraction. For fatty-acid-modified metal oxide sur-
faces, the intrinsic contact angle is typically reported in
the range of 95° to 100° [23]. By substituting . = 0.133 and
6 =95° to 100°, the predicted apparent contact angle (6*)
was estimated to lie in the range of 151.5° to 153°. This
predicted range shows close agreement with the experi-
mentally measured contact angle of 156°, indicating the
validity of the Cassie—Baxter model in describing the wet-
ting behavior of the fabricated surface.

A high void fraction indicates that a substantial por-
tion of the droplet is supported by trapped air pockets
within the hierarchical micro—nano structure, resulting
in a composite solid—air and solid—liquid interface. This
significantly reduces the effective solid—liquid contact
area, thereby minimizing adhesion and promoting drop-
let mobility. Furthermore, the presence of interconnected
voids enhances the stability of the Cassie—Baxter state by
resisting liquid penetration into surface asperities under
static conditions. Minor deviations between theoreti-
cal predictions and experimental values may arise from
surface heterogeneity, local variations in roughness, and
uncertainties associated with threshold-based image seg-
mentation. Additionally, dynamic factors, such as contact
line pinning and partial wetting transitions during drop-
let deposition, may also influence the measured contact
angle. Nevertheless, the strong agreement between theo-
retical and experimental results confirms that the superior
water repellency of the optimized surface originates from
a stable Cassie—Baxter wetting regime governed by its
high void fraction and hierarchical morphology.

The role of surface morphology is further supported
by SEM observations, revealing the presence of hierar-
chical micro—nano structures and interconnected voids.
These features are critical in reducing CAH and SA by
minimizing contact line pinning. The trapped air pock-
ets within the surface structure act as a barrier, allowing
droplets to roll off easily under small tilt angles. However,
at higher MTA concentrations, the increase in CAH and
SA (Figs. 7(a) and 8(a)) suggests enhanced pinning, likely
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Fig. 8 (a) Variation of roll-off angle with MTA concentration showing
minimum roll-off at 0.1 M. (b) Comparative roll-off angles of the
present coating with previously reported superhydrophobic surfaces
from literature [9, 22-24, 26, 27].

due to the partial loss of air pockets caused by excessive
surface coverage. Fig. 8(b) compares the SA of the present
study with reported values in the literature. The developed
coating exhibits a SA of 4°, which is comparable to the
best-performing surfaces and lower than several reported
engineered surfaces. This demonstrates the effectiveness
of the hierarchical structure and surface modification in
achieving low adhesion and enhanced droplet mobility.
Although static and quasi-static parameters, such as
the WCA, CAH, and SA, provide important insights into
surface wettability, they do not fully capture the dynamic
interaction between droplets and the textured surface.
Superhydrophobic surfaces exhibiting low adhesion often
demonstrate droplet rebound upon impact, which is com-
monly associated with a Cassie—Baxter-type wetting state.
Therefore, to further investigate the dynamic wetting char-
acteristics, droplet impact experiments were conducted
using high-speed imaging. The results provide additional
evidence of weak liquid—solid interactions and support the
superhydrophobic nature of the developed coating.

3.4 Droplet impact and rebound behaviours

To further investigate the dynamic wetting behaviour
of the hierarchical coating, droplet impact experiments
were conducted by releasing water droplets onto the
coated surface from a fixed height and recording the
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subsequent impact dynamics using high-speed imaging
at 4000 frames per second (fps) Fig. 9. presents sequen-
tial frames illustrating the evolution of the droplet during
impact and rebound. Upon impact (t = 0 ms), the drop-
let spreads rapidly due to its kinetic energy, forming a
thin liquid film on the surface at # = 2.5 ms. The droplet
continues to expand radially until it reaches its maximum
spreading diameter at approximately # = 6 ms.

To quantitatively characterize the observed spreading
behaviour, the droplet impact dynamics were analysed
using the Weber number (We), which represents the ratio
of inertial forces to capillary forces associated with sur-
face tension. Surface tension originates from cohesive
intermolecular forces within the liquid and acts to mini-
mize the liquid—air interfacial area.

_pV’D
/4

We 2

where p is the liquid density, V is the impact velocity of
the droplet, D is the droplet diameter, and y is the surface

f=0ms [b)

tension of the liquid [44, 45]. The Weber number is widely
used to characterize droplet impact dynamics and spread-
ing behavior on solid surfaces, as it quantifies the relative
importance of inertial and capillary effects. For Weber
numbers greater than unity, inertial forces exceed cap-
illary forces during the initial impact stage, promoting
droplet spreading. For the droplet used in the present study
(diameter = 1.7 mm and release height = 50 mm), the Weber
number was estimated to be approximately We =~ 23. At the
calculated Weber number of approximately 23 [46, 47], the
droplet underwent significant spreading while maintain-
ing its integrity throughout the impact event. Nevertheless,
the droplet remained highly mobile and did not exhibit
significant contact-line pinning during retraction. During
spreading, the droplet's kinetic energy is stored as surface
energy through the creation of additional liquid—air inter-
facial area. As the droplet retracts, a significant fraction
of this stored energy is recovered and transformed back
into kinetic energy, enabling droplet lift-off and rebound.
The observed energy recovery, indicates minimal energy

t=2.5ms

<= AN
Spreading

.

* Retraction

Elongation

L Y
Rebound

Fig. 9 High-speed image sequence illustrating the impact dynamics of a water droplet on the coated surface: (a) droplet impact (= 0 ms);

(b) spreading stage (¢ = 2.5 ms); (¢) maximum spreading diameter (1 = 6 ms); (d) early stage of retraction driven by surface tension; (e) final stage

of retraction just before droplet detachment (¢ = 17 ms); and (f) droplet rebound from the surface (¢ = 28 ms). The initial droplet diameter (D,) and

maximum spreading diameter (D) are indicated in panels (a) and (c), respectively, and were used to calculate the maximum spreading factor. The

observed droplet rebound and short contact time indicate weak liquid—solid adhesion and confirm the superhydrophobic nature of the coated surface.

Scale bar is 0.5 mm.



dissipation through liquid—solid adhesion. Consequently,
complete rebound was achieved despite significant defor-
mation during impact. Such behaviour provides further
evidence for a stable Cassie—Baxter wetting state, wherein
the high surface void fraction (0.867 £+ 0.054) promotes
air entrapment, reduces effective solid-liquid contact, and
suppresses contact-line pinning during retraction phase.
Using the empirical scaling relation f = We'* [48],
the predicted spreading factor is f_ = 2.2, which is in
good agreement with the experimentally measured value.
To further validate the observed droplet impact dynamics,
the temporal evolution of the spreading factor was com-
pared with literature data reported by Rioboo et al. [47],
using dimensionless time scaling, ¢* = ¢V/D (where
t is time, V' is impact velocity and D, is the initial drop-
let diameter). As shown in Fig. 10, both datasets exhibit
a similar trend characterized by rapid inertia-driven
spreading, followed by capillary-driven retraction.
The slight difference in the maximum spreading factor
= 2.33) and that reported

by Rioboo et al. (f_ = 2.6) may arise from differences in

between the present study (8,
the impact conditions (higher Weber number of 52 in case
if Rioboo et al.) and fluid properties employed in the two
studies. The difference in the maximum spreading factor
between the present study (8, = 2.33) and the literature
(B,,. = 2.6) can be attributed to the lower Weber number
(We = 23) compared to that of Rioboo et al. (We = 52),
indicating reduced inertial effects. Overall, the agreement

@ Present Study (We=23; Water)
A R. Rioboo et. al (We=52; Smooth Wax}

Spreading Factor, j=D/D,

t=tv/iD,

Fig. 10 Comparison of the temporal evolution of the spreading
factor (f = D/D,) as a function of dimensionless time (¢* = tV/D,)
for the present study (We = 23) and literature data from Rioboo et al.
(We = 52, smooth wax surface) [47]. Both datasets exhibit a similar
trend characterized by inertia-driven spreading followed by capillary-
driven retraction. The higher maximum spreading factor observed for
Rioboo et al. [47] is attributed to the higher Weber number, indicating
stronger inertial effects.
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in the spreading—retraction behaviour suggests that the
droplet impact dynamics in the present study are consis-
tent with classical inertial—capillary scaling.

4 Conclusion

A superhydrophobic coating was successfully fabricated
on copper substrates through electrochemical deposi-
tion, followed by annealing and surface modification with
MTA. Scanning electron microscopy revealed a hierarchi-
cal surface morphology consisting of nano-petal structures
superimposed on micro-scale clusters. This binary rough-
ness generates numerous void spaces capable of trapping
air, which is essential for achieving superhydrophobic
behavior. Quantitative image analysis further indicated an
average void fraction of approximately 86.7 + 5.4%, sug-
gesting the presence of significant air pockets within the
hierarchical structure, which is conducive to a Cassie—
Baxter-type wetting regime. Chemical characterization
using FTIR, XRD, and EDS confirmed the formation of
ZnMTA, resulting from the interaction between zinc spe-
cies and long-chain MTA molecules, thereby imparting
a low-surface-energy layer to the surface. As a result of
the combined effects of hierarchical roughness and low
surface energy, the coating exhibited excellent water
repellency, with a WCA of 156° = 0.8°, CAH of 5° and a
spreading factor of approximately 2.33. High-speed imag-
ing further demonstrated droplet rebound with a contact
time of 28 ms, indicating weak liquid—solid adhesion
and confirming the presence of a Cassie—Baxter wetting
regime. The developed coating therefore demonstrates
strong potential for applications such as anti-corrosion
protection, anti-icing surfaces, and self-cleaning coatings.
Moreover, the simplicity of the fabrication process and
the use of readily available materials make this approach
promising for practical and scalable industrial applica-
tions. Future work should focus on evaluating the long-
term durability and stability of the coating under realistic
service conditions, including mechanical abrasion, envi-
ronmental exposure, and extended corrosion testing, to
further assess its suitability for industrial deployment.
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