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One-step fabrication of soft calcium
superhydrophobic surfaces by a simple

electrodeposition process

Zhi Chen, ©*2 Yongbo Hu,? Xu He,? Yihao Xu,? Xuesong Liu,? Yizhou Zhou,?

Limei Hao® and Ying Ruan®

A simple, one-step electrodeposition process was rapidly performed on a metal substrate to fabricate
calcium superhydrophobic surfaces in an electrolyte containing calcium chloride (CaCly), myristic acid
(CH3(CH)1,COOH), and ethanol, which can avoid the intricate post-processing of surface treatment.

The morphology and surface chemical compositions of the fabricated superhydrophobic surfaces

were systematically examined by means of SEM, XRD, and FTIR, respectively. The results indicate that

the deposited surfaces were mainly composed of calcium myristate, which can dramatically lower
surface free energy. The shortest process for constructing a superhydrophobic surface is about
0.5 min, and the maximum contact angle of the as-prepared surfaces can reach as high as 166°,

showing excellent superhydrophobicity. By adjusting the electrodeposition time, the structure of the

cathodic surface transforms from the turfgrass structure, loose flower structures, larger and dense

flower structures, secondary flower structures, and then into tertiary or more flower structures. The
superhydrophobic surfaces showed excellent rebound performance with a high-speed camera. After
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a pressing force, their hardness increases, but the superhydrophobic performance is not weakened.

Inversely, the bouncing performance is enhanced. This electrodeposition process offers a promising

DOI: 10.1039/d1ra06019h

rsc.li/rsc-advances dynamics of water droplets.

1. Introduction

Wettability is one of the most significant and fundamental
characteristics of solid materials, and it depends on the surface
chemistry and morphology. The chemical compositions of the
surface determine the surface energy, which has a significant
effect on its wettability.*™

There are many superhydrophobic surfaces in nature, such
as rice leaves, rose petals, waterfowl feathers, strider legs, spider
silk, and especially the famous lotus leaves.>” Super-
hydrophobic surfaces have attracted wide attention because of
their importance in scientific research and engineering. Two
main factors are widely accepted common features of such
surfaces: micro/nano rough structures and low surface free
energy. Various methods and technologies have been employed
successfully to prepare artificial superhydrophobic surfaces by
controlling these two parameters. Several review articles have
been published about different aspects of superhydrophobic
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approach for large areas of superhydrophobic surfaces on conductive metals and strongly impacts the

surfaces.*** However, most published methods suffer from
many constraints such as specialized equipment, harsh condi-
tions, multi-step procedures, and being very expensive and
difficult to scale up for large areas in the fabrication process.”
Recently, a few electrodeposition methods*® have been widely
used to prepare superhydrophobic surfaces on the electrode
substrate due to their simplicity in adjusting the deposition
parameters, low cost, and ease of scalability, especially applied
on a wide range of materials. In 2012, Chen et al. reported**
a new facile method for the electrodeposition of super-
hydrophobic surfaces. As a standard method, significant prog-
ress has been made over several years, including the use of Fe,
Co, Ni, Cu, La, etc., to prepare superhydrophobic surfaces.***°

In addition, hydrogen has attracted extensive research
interest owing to its environmental friendliness and high
energy density. Recently, hydrogen bubbles arising from the
electrochemical reduction of H' in the deposition process
functioned as the soft template for electrodeposition prod-
ucts.”*** Hydrogen bubble templates have advantages
compared with hard templates, including low cost, ease of
preparation, and facile control and synthesis process. This
method was gradually used to prepare superhydrophobic
structures.?® Meantime, calcium, the third most abundant
metal in nature, had a decisive advantage over the other metals
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due to its peculiar coordination chemistry. Although certain
research about superhydrophobic surfaces, including calcium
elements, has been reported in the literature,>?® to our
knowledge, few studies have systemically reported about
calcium superhydrophobic surfaces including preparation and
certain impacting dynamic behaviors of water droplets, and
their underlying mechanism is still not entirely clear.

In this work, a simple and effective method of the electro-
deposition process offers promising approaches for large areas
of superhydrophobic surfaces on conductive metals. The
calcium superhydrophobic surface with the presence of
a flower-like rough structure contributes to excellent bounce
performance for water droplets. This study aims to reveal the
influence of deposition time on surface morphology as well as
wettability and bounce. Both the surface morphology and
chemical compositions were carefully analyzed to reveal the
formation mechanism of the electrodeposited super-
hydrophobic surface. The research on the impact of substrate
hardness and type on bounce performance was reported
systematically. Three metal materials, copper, aluminum, and
stainless steel, differing in hardness, were compared to test the
impacting velocity of different droplets and the substrate
surface—the bounce behavior of water droplets under the
influence of electrodeposition time, voltage, and external force.
The analysis shows that the as-prepared surfaces are soft
superhydrophobic surfaces and become harder after pressing
by an external force. While the superhydrophobic surface does
not lose its superhydrophobicity, its bounce performance has
been enhanced. This method of electrodeposition is straight-
forward, effective, and low cost, which offers a promising
approach for large areas of soft superhydrophobic surfaces on
various conductive substrates.
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2. Experimental section
2.1 Sample preparation

All the reagents and solvents were of analytical grade and used
as received without any additional purification before use.*>*®
Before electrodeposition, two copper (or aluminum, or stainless
steel) plates with a size of 50 mm X 25 mm x 1.5 mm were
abraded with silicon carbide paper (400 and 800 grades),
washed with distilled water multiple times, and then dried with
a hair dryer.

In order to synthesize the superhydrophobic surfaces, the
reference preparing conditions were 0.2 M calcium chloride and
0.1 M myristic acid in 150 ml ethanol electrolyte solution and
the working distance between the cathode and anode in an
electrolyte cell was kept at 30 mm, and a direct current (DC)
voltage of 30 V was applied. To study the effects of preparing
conditions on electrodeposited micro/nano structures, only one
preparing condition was changed, and the others were fixed.
The resulting samples were thoroughly rinsed with distilled
water and ethanol. Finally, the obtained cathodic surfaces were
dried in air for half an hour at room temperature. Subsequently,
the as-prepared cathodic surface was prepared. Moreover,
samples with various deposition times, voltages, and concen-
trations of calcium chloride were prepared.

2.2 Sample characterization

The obtained samples were characterized by field-emission
scanning electron microscopy (FE-SEM, JSM-IT500). The
infrared transmission spectra were recorded at room tempera-
ture on a BRUKER-Tensor27 Fourier-transform infrared spec-
trophotometer. X-ray diffraction (XRD) patterns were obtained
using an X-ray diffractometer (Rigaku D/max-2550/PC). The

Fig. 1 SEM images of the cathodic copper surface in 0.1 M myristic acid and 0.2 M calcium chloride solution with a DC voltage of 30 V for
different electrodeposition times: (a) 0.5 min; (b) 1 min 35 s; (c) 10 min; (d) 15 min; (e) 30 min; (f) 45 min.
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contact angles were determined with a CCD (CNB-GP300
CGG1). The image data were recorded with a high speed
camera (2000 fps, Revealer, 5F01-M). In addition, by setting the
high-speed camera to 2000 frames per second, we have studied
the bounce performance of water droplets’ impact onto super-
hydrophobic surfaces.

3. Results and discussion

3.1 Morphology, wettability and chemical compositions of
the copper superhydrophobic surfaces

The SEM measurement was used to characterize the
morphology of the studied calcium surfaces, and the results are
shown in Fig. 1. SEM images of the cathodic copper surface
formed in the solution of 0.1 M myristic acid and 0.2 M calcium
chloride at a varying time, namely, 0.5 min, 1 min 35 s, 10 min,
15 min, 30 min, and 45 min, are illustrated in Fig. 1(a)-(f). The
representative images are from different samples produced
under the same conditions except for the deposition times. As
shown, with the electrodeposition in the solution for a short
time (Fig. 1(a), 0.5 min), there appear a few random small
crystallite clusters on the surface, and each cluster is like a loose
bud with about a diameter of 2 pm (see the inset of Fig. 1(a)),
and there are many microstructures similar to turfgrass. Pro-
longing the electrodeposition time to 1 min 35 s, the number of
clusters increases and improves the uniformity of surfaces. As
shown by the inset of Fig. 1(b), the high magnification image
revealed that the cluster with a size of about 4 um is formed, and
each cluster is similar to that of 0.5 min. However, the differ-
ence is larger and denser. As the electrodeposition time is
further extended to 10 min, the entire substrate is almost
covered by the dense and homogeneous crystallite clusters.
Each cluster has a size of about 5 pm. The structure of a single
bug is more obvious as the electrodeposition time increases to
15 min, and competitive growth of two or more clusters in the
inset of Fig. 1(d) can be seen. With a further increase in the
electrodeposition time to 30 min, these clusters evolve into
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larger flowers, as shown in Fig. 1(e). Furthermore, when
increasing the electrodeposition time up to 45 min, all of the
nanostructure assemblies develop into flowers, the heteroge-
neous structures with particles and flowers are formed, and the
single flower has a diameter of about 15 pm (see Fig. 1(f)), and
the upper flower about 5 um, which is similar to Fig. 1(b).

In order to further clarify the formation mechanism of the
superhydrophobicity, as an example, Fig. 2 shows a schematic
illustration of the superhydrophobicity surface growth process.
The first step is to create nucleation sites via process reaction
growth as shown in Fig. 2(a). Oriented nanocrystals grow from
these nucleation sites (Fig. 2(b)), and in the subsequent process
steps, new crystals nucleate and grow on the crystals produced in
previous stages. In a word, with the electrodeposition time
evolution, the structure of the cathodic copper surface trans-
forms from the turfgrass structures, loose flower structures,
larger and dense flower structures, secondary flower structures,
and then into tertiary or more flower structures (see Fig. 2(c)-(f)).
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Fig. 3 The variation curve of the contact angle with the electrode-
position time.

Fig. 2 Schematic illustration of the superhydrophobicity surface growth process. (a) Creation of nucleation centers similar to the turfgrass on
a substrate; (b) growth of small and loose flowers on the substrate; (c) growth of big and dense flowers on small and loose flowers; (d) Ostwald
growth of the big and dense flowers on the substrate, typically competition growth and merge growth; (e) secondary flower growth from the
Ostwald growth patterns; (f) tertiary or more growth from the flower growth morphology.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To understand the influence of electrodeposition time on the
wetting properties of the prepared Ca cathodic surfaces, the
variation curve of the contact angle with the electrodeposition
time is displayed in Fig. 3. As shown, the contact angle value
reaches 156° at a short deposition time (0.5 min), indicating
that the surface wettability has already achieved the super-
hydrophobic state, and strongly demonstrating that this
method is quite time saving and highly efficient.>*” With the
increase of deposition time, contact angles of surfaces show an
increasing trend. When the deposition time is about 1 min, the
contact angle increases to 160°. When prolonging the electro-
deposition time to 3 min, the contact angle is improved to 165°.
As the deposition time is further increased from 10 min to
20 min, the contact angle remains at a maximum value of 166°,
and the rolling angle is less than 3°. However, further increasing
the deposition time to 25 min, the contact angle decreased
slightly to 165°, and then the contact angle began to decrease
slowly with the electrodeposition time, but still retained good
superhydrophobicity.*®

Apart from the analyses of surface chemical compositions,
according to the Cassie-Baxter equation,”®?® the influence of
surface structure on the fabrication mechanism of the super-
hydrophobic property is also discussed below.

cos B, = fcosf — (1 —f) (1)
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where fis the normalized interfacial area of the solid surface in
contact with the liquid droplet, (1 — f) is that of trapped air
among the micro/nano structures, r is the contact angle of
micro/nano structure surfaces, and 6 is that of the smooth
surface. For this research, the contact angle of the smooth
surface after modification with myristic acid is only about 109°,
while the maximum contact angle value of the electrodeposition
surface is about 166°. When these angles are substituted into
eqn (1), fand (1 — f) can be calculated to be 0.04 and 0.96,
respectively. It can be deduced that the air stored in the micro/
nano structure surface prevents a water drop from infiltrating
the surface, and it plays an important role in improving the
wettability. Therefore, the surface exhibits superhydrophobicity
within an electrodeposition time of 0.5 min; this technique has
the advantages of quickness and simplicity.

The chemical compositions of the as-prepared surface were
studied by XRD, FTIR and schematic diagram of the reaction
progress. In Fig. 4(a), the typical XRD spectrum for the sample is
displayed. As shown, in the small-angle region a set of well-
defined diffraction peaks is observed. These diffraction peaks
belong to the (/00) reflections, indicating that the as-prepared
cathodic superhydrophobic surfaces are crystallized and regu-
larly ordered layered structures.®**

FTIR analysis was further used to investigate the absorption
feature characteristic of the chemical groups of the products in
the range of 4000-500 cm ™" as reported in Fig. 4(b). In the low-
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(a) The corresponding XRD spectrum; (b) FTIR spectrum of the superhydrophobic surface obtained from the as-fabricated cathodic

copper; (c) the schematic diagram in this experiment.
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frequency region, the two strong peaks at 1438 and 1578 cm ™
can be assigned, respectively, to the symmetric (v5(COO ™)) and
antisymmetric (v,5(COO™)) stretching vibrations of the carbox-
ylate group. No typical peak attributable to »(C=O0) is identified
at about 1701 cm ™', indicating that the obtained sample is not
contaminated with myristic acid,” but only its metal salt. When
the frequency was higher, in the high-frequency region, the
absorption peaks at 2850 cm™ " and 2918 em ™" correspond to
symmetric and asymmetric stretching vibrations of methyl
groups (C-H), respectively.***” As a consequence, it demon-
strated that myristic acid was grafted on the surface through
chemical bonding during the formation process, and calcium
myristate (Ca[CH3(CH,);,COO],) with low surface energy was
formed on the cathodic copper surface, which contributed to
the superhydrophobicity.

In order to clarify the electrodeposition process in this
experiment, the schematic diagram in the experiment is illus-
trated in Fig. 4(c). The electrodeposition reaction process is
explained that when the copper electrodes are immersed in the
electrolyte solution with the application of DC voltage, some
Ca® ions near the cathode react with myristate (RCOO~) ions,
and the reaction is shifted towards the formation of a carbox-
ylate complex on the cathodic surface. In the meantime, most
hydrogen (H") ions are ionized from the myristic acid electrolyte
and generate H, bubbles. These released H, bubbles can be
considered a soft template and lead to the loose micro/nano
structures on the obtained superhydrophobic surface.'>'®3®
Thus, we can infer that H, bubbles, electrodeposited micro/
nano structures, and calcium myristate with low surface
energy play an important role in the transition progress. The
reaction equations can be described as follows:

Ca2+ + 2CH3(CH2)12COOH i Ca[CH3(CH2)12COO]2 + 2H+(2)

2H* +2¢ — H,1 (3)

3.2 Effects of various experimental parameters on structures
and wettability

To study the effects of preparing conditions on the electro-
deposited micro/nano structures, only the concentration of
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calcium chloride was changed, and the others were fixed. As
shown in Fig. 5(a), with increasing the concentration of calcium
chloride, the value of the contact angle can reach above 160°.
When increasing the concentration to 0.2 M calcium chloride, it
can obtain 165°, whereas with the concentration of the calcium
chloride, the value of the contact angle will decrease slowly. The
reason can be deduced that the surface will become much
thicker in the higher concentration of calcium chloride. It also
can be seen from the inserted SEM figures that it has many
clusters with about 20-30 um diameters, which is advantageous
to store many breaths of air and keep the high super-
hydrophobicity. Inversely, the much thicker surfaces decrease
their contact angle.

The morphology and wettability of the surface at varying
voltage (5, 15, 30, 45, and 60 V) are shown in Fig. 5(b). It shows the
relation curve of contact angle and voltage value in 0.2 M calcium
chloride and 0.1 M myristic acid solution for 5 min. When the
voltage is low (5 V), the contact angle of this surface is about 153°.
There are many microstructures similar to turfgrass and without
flower-like structures. Upon increasing the voltage to 15 V, the
contact angle increases to 158°, and its microstructures are still
the turfgrass structures. Several loose flower-like structures begin
to appear above the turfgrass structures. With a further increase
in voltage value to 30 V, some flowers can be seen obviously in the
inserted figure, and the corresponding contact angle is enlarged
to 165°. It can be explained that the voltage represents the driving
force of the reaction.’® At a low voltage, the amount of hydrogen
bubbles was not enough to produce a significant stir of the
solution layer near the cathodic surface. Thus, the surface was
primarily controlled by diffusion rather than kinetics growth; an
increased voltage predominantly can dramatically increase the
H, bubbles and reaction rate. Thus, a higher voltage has bigger
and denser flower-like structures, which induce the increase of
the superhydrophobicity. However, when the voltage increases to
45V, the corresponding contact angle is decreased to 163°. When
the voltage is close to 60 V, the corresponding contact angle is
decreased to 159°. The reason can be that with increasing the
voltage, at first electrodeposition current is 2.8 x 10> A m™ > at
45V, and increases to 4.3 x 10> Am™? at 60 V, which dramatically
increases the nucleation rate at the cathodic surface, the clusters
become larger and more compact, and result in the surface
becoming over thick, and the contact angle decreases naturally.
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Fig.6 SEMimages of the cathodic surface in 0.2 M calcium chloride and 0.1 M myristic acid solution with a DC voltage of 30 V for different times
and substrates. (al) Low magnification 500x for stainless steel at t = 2 min 20 s; (a2) middle magnification 1000x for stainless steel at t = 2 min
20 s; (a3) high magnification 3000x for stainless steel at t = 2 min 20 s; (b1)—(b3) 500x%, 1000x, 3000x for stainless steel at t = 10 min,
respectively; (c1)-(c3) 500x%, 1000x, 3000x for stainless steel at t = 30 min, respectively; (d1)-(d3) 500x, 1000x, 3000x for aluminum at t =
3 min 40 s, respectively; (e1)—(e3) 500x%, 1000x, 3000x for aluminum at t = 10 min, respectively.
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In addition, to further confirm the method with universal
application for conductor materials, in this section, the
prepared superhydrophobic surface can be extended to other
general conductor materials.

SEM images of the cathodic surface in 0.2 M calcium chlo-
ride and 0.1 M myristic acid solution with a DC voltage of 30 V
for a different time on the different substrates are presented in
Fig. 6. Fig. 6(al) is the stainless steel substrate surface at a low
current density of 2.4 x 10> Am™ > at 2 min 20 s. There appear
many uniform flower-like structures on the surface. The high
magnification SEM images in Fig. 6(a2) and (a3) show that the
flower-like structure is composed of many compact turfgrass
structures, and the diameter of each flower is about 5 um. When
the electrodeposition time is 10 min, it can be seen from
Fig. 6(b1)-(b3) that the surface of stainless steel shows many
compact flower-like structures similar to that of Fig. 6(a1)-(a3).
Two single flower-like structures with competitive growth
forming structures with a size of about 10 um can be seen in
Fig. 6(b3). When the electrodeposition time is extended to
30 min, a more compact flower structure can be seen in
Fig. 6(c1) and (c2). Furthermore, it is clear from the magnifi-
cation image in Fig. 6(c3) that the flower-like structures show
competitive growth forming tertiary or more flower structures
with a size of about 15 pum, similar to those on the copper
cathodic surface in Fig. 1(f).
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In addition, a pair of aluminum and stainless steel
substrates are replaced under the same electrolyte conditions
and can be seen in Fig. 6(d1)-(d3) and (e1)-(e3), respectively.
When the electrodeposition time is 3 min 40 s, many uniform
clusters appear on the substrate surface in Fig. 6(d1), and a 1000
times magnified figure in Fig. 6(d2) shows a competitive growth
forming structures with a size of about 10 pm. In Fig. 6(d3), the
flowers are very similar to those in Fig. 6(a3). When the elec-
trodeposition time is prolonged to 10 min, compact clusters are
shown on the substrate surface (see Fig. 6(e1)), and a 1000 times
magnified figure in Fig. 6(e2) shows competitive growth of three
or four flowers forming structures with a size of about 15 um.
Fig. 6(e3) shows tertiary or more flower structures.

By comparing stainless steel with aluminum and copper for
an electrodeposition time of 10 min, these flowers on three
kinds of substrates are very similar, and one cluster structure
size of the stainless steel surface is the largest. This is mainly
because the conductivity and the current density of stainless
steel are the highest.

3.3 Impacting behavior of water droplets on the
superhydrophobic surface

Then, to further explain the superiority of the as-prepared
surface, we used a high-speed camera to study the bounce

w
0Oms

(d)

4 ms 9ms 17ms 23ms 31ms

0ms 31ms

(D) °

23 ms

Oms 4ms 9ms 17 ms 31ms

Fig. 7 The evolution process of the droplet bounce shape of the calcium superhydrophobic surface prepared by the electrodeposition of
copper, aluminum, and stainless steel for 1 min. (a) V = 0.626 m s~ for the copper substrate; (b) V = 1.25 m s~ for the copper substrate; (c) V =
1.53 m s~ for the copper substrate; (d) V = 1.77 m s~* for the copper substrate; (e) V= 1.25 m s~ for the aluminum substrate; (f) V=1.25m s~ for

the stainless steel substrate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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performance of water droplets impacting onto super-
hydrophobic surfaces. In the following experiment, 1 ml water
in a syringe was divided by some number of droplets, and the
average volume of every droplet is about 10 pl.

When a droplet impacts the superhydrophobic surface, it
deforms and stores the kinetic energy, making the droplet recoil
later on.**** Fig. 7 shows the evolution process of the droplet
bounce shape on the calcium superhydrophobic surface
prepared by the electrodeposition of copper, aluminum, and
stainless steel for 1 min, respectively. During the bounce
process, the inertia forces of the droplet cause it to spread out,
and during the spreading the kinetic energy of the droplet is
converted into surface energy, which will be used for the
retraction and rebound of the droplet. Fig. 7(a)-(d) are the
bounce shapes of droplets at different velocities under a copper
substrate. For a 10 pl droplet in Fig. 7(a), at 0 ms, the small
droplet indicated is produced by the pinch off when the droplet
separates from the syringe needle, and a similar droplet can
also be observed in Fig. 7(b)—(f). A series of images of the droplet
at V= 0.626 m s~ ' are shown in Fig. 7(a). It can be seen from the
figure that the droplet deformed, a cavity at the center of the
droplet was formed, a droplet with an overlapping pancake
shape was formed in the spreading stage at 4 ms, some air in
the pancakes can be entrapped as the droplet retracts, and most
of the air can be squeezed out when it recoiled. However,
a small part of the air was trapped at the top of the cavity
retracted faster than the bottom. As the retraction continued, an
ejection of satellite drops was observed at 9 ms. When ¢t = 17 ms,
the droplets pull up again to form an approximately circular
droplet. At 31 ms, it deforms again in the air. This phenomenon
becomes more obvious as the velocity increases. Fig. 7(b) shows
the snapshots of the impacting droplet on the super-
hydrophobic surface at V = 1.25 m s . It was found that
a pinning-like state was observed when ¢ = 9 ms and the
droplets were greatly elongated before taking off. This
phenomenon is more clear when V = 1.53 m s~ " in Fig. 7(c); as
shown, the main droplet and four satellite drops rebound
taking off the surface at 17 ms.

When the velocity reaches V = 1.77 m s ', as shown in
Fig. 7(d), the droplets were torn into a large droplet and two
satellite drops at 9 ms. The reason is maybe the larger pinning
force and rebound velocity. The main part of the droplet
rebounded off again, while the satellite drops were pinned on
the surface with Wenzel state at 17 ms. Nevertheless, when the
main droplet impacted the surface again, moreover, it was also
observed that the bouncing height of the main droplets was not
as superior as that of droplets at low velocities. This rule is
similar to the results reported in the related literature;* that is,
the greater the initial velocity, the stronger the bounce perfor-
mance of the droplet, but the best bounce performance within
a certain range.

Next, the versatility of the bounce performance was further
verified under the aluminum and stainless steel substrates
under the same preparation condition with a copper substrate.
As shown in Fig. 7(e) and (f), at 17 ms, two satellite drops can be
seen on the aluminum substrate and stainless steel, which
means that when the droplets impacted the surface of the
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substrate, the rebound velocity was greater. These results
proved that the metal substrate plays an effective role in
promoting the bounce of the droplets.

Although many methods and technologies to fabricate
superhydrophobic surfaces have been reported, few products
have been launched using such surfaces. This is mainly because
these surfaces are generally very weak to resist mechanical
contact.”® In real environmental conditions, the destruction of
surface structures by external forces can lead to a very fast loss
of superhydrophobicity. Thus, we investigated the changes of
these samples by SEM structures and bounce performance
under a manual pressing force of a thumb by a glass slide.
Before the pressing force, when the electrodeposition time was
prolonged to 5 min for the copper substrate, it can be seen from
the SEM image magnified 1000 times in Fig. 8(a) that some large
flower-like structures grow on the surface of the substrate
before pressing. Similar to Fig. 7, at 0 ms, the small droplet
indicated is produced as in Fig. 7. As shown, the impact velocity
of V=1.25 m s~ " on the surface droplets shows that, at 17 ms,
a jet is gradually developed, and cut off and a satellite drop is
separated. After a short time, the jet leaves the surface. When ¢
= 23 ms, there are two different heights for the drops, and at ¢t =
31 ms, they coalesced into a large droplet with each other, and
rebounded off again.

After the superhydrophobicity surface was pressed by the
pressing force of the thumb, about 98 N, the corresponding
SEM image is shown in Fig. 8(b). It can be seen that the main
part of the displayed flower has formed black, dense structures
via applying a pressing force. Under the same size droplet
impact and the same velocity V = 1.25 m s~ ', the phenomenon
of a jet breakup is no longer the same as that described in
Fig. 8(a). At t = 17 ms, after the separation of the first satellite
drop, separation into the second satellite drop has already
begun. At ¢ = 23 ms, the large, medium and small drops are
clearly distributed at different bounce heights, respectively. At ¢
= 31 ms, the distance between the small droplet and the main
droplet is further increased. Thus, we can conclude that the
superhydrophobic surface prepared by this method is a soft
surface. After being pressed by a pressing force, its hardness
increases, but the superhydrophobic performance is not weak-
ened. Inversely, the bouncing performance is enhanced.

When magnifying the surface microstructures 3000 times, in
Fig. 8(c), the SEM shows that the structure of each flower is
about 5 um. If the impact velocity increases to 1.53 ms™ !, at 17
ms, it is obvious that with the increase of impact velocity, the
number of satellite drops increases. When ¢ = 23 ms, three
drops of different sizes and heights are clearly visible. At 68 ms,
it can be seen that the rebound height is much higher than that
of Fig. 8(a), which shows that the velocity obviously affects the
rebound height of the droplet. On the contrary, under the
condition of keeping the water droplet velocity, the impact
progress was carried out on the same substrate which is pressed
by the pressing force strength, and it was found that its bounce
performance was further enhanced in Fig. 8(d). It can be clearly
seen that at 17 ms, three satellite drops are formed, and sepa-
ration into the fourth satellite drop has already begun. From the
beginning, when ¢ = 23 ms, four droplets are formed, and when

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The SEM structure and impact performance of the surface before and after the pressing force of a thumb for 5 min on the electro-
deposited copper surface. (a) 1000 x SEM for the copper substrate at 5 min, V = 1.25 m s™%; (b) 3000 x SEM for the copper substrate at 5 min, V =
1.53 ms™%; (c) 1000x SEM for the same copper substrate with the pressing force at 5 min, V = 1.25 m s™%; (d) 3000x SEM for the same copper

substrate with the pressing force at 5 min, V =153 m s

t = 68 ms, the rebound height becomes higher. The reason can
be that the droplet has larger potential energy which makes the
droplet have greater kinetic energy during the impact process.
Therefore, the rebound velocity increases with the increase of
the droplet bounding velocity. The larger the rebound velocity
the smaller the radius of the jet column, the thinner the column
is, and the easier it is to be cut off. Therefore, the number of

© 2022 The Author(s). Published by the Royal Society of Chemistry

satellite drops increases with the bounding velocity and manual
pressing progress.

Fig. 9 shows a comparison diagram of droplet rebound
characteristics of superhydrophobic surfaces prepared on
different substrates before and after a pressing force by a glass
slide. Fig. 9(a) reveals the bouncing result of a copper substrate
for 30 min electrodeposition at V = 1.25 m s~ '. It should be
noted that 0 ms is also set as the time that the droplet just

RSC Adv, 2022, 12, 297-308 | 305


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06019h

Open Access Atrticle. Published on 20 December 2021. Downloaded on 2/10/2026 7:58:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC Advances

(a)

0ms 4 ms 9 ms 17 ms 23ms  31ms

(©)

9 ms 17 ms 23ms  31ms

View Article Online

Paper

4 ms 9 ms 17 ms 23ms  31ms

0ms 4 ms 9 ms 17 ms 23ms  31ms

4 ms 9 ms 17 ms ms ms

0 ms

Fig. 9 The impact performance of the surface before and after the pressing force of the thumb for different substrates. (@) V=125 m s~ for the
copper substrate at 30 min; (b) V = 1.25 m s~ for the copper substrate with the pressing force at 30 min; (c) V = 1.25 m s~ for the aluminum
substrate at t = 30 min; (d) V = 1.25 m s~ for the aluminum substrate with the pressing force at 30 min; (e) V = 1.53 m s for the aluminum
substrate at 15 min; (f) V = 1.53 m s~ for the aluminum substrate with the pressing force at 15 min; (g) V = 1.53 m s for the stainless steel
substrate at 15 min, overlook views with a tilt angle of about 5°; (h) V = 1.53 m s for the stainless steel substrate with the pressing force at 15 min,

overlook views with a tilt angle of about 5°.

contacts the superhydrophobic surface. At 9 ms, it forms a jet
shape, and the formed jet gradually elongates and thins rather
than rapidly breaking up. At a time of 17 ms, droplets just now
pinch off the surface, and two satellite drops are successively
developed on the tip of the jet. By comparing it with super-
hydrophobic copper surfaces (Fig. 7(b) and 8(a)), it can be
observed that the rebound performance of the super-
hydrophobic surface with an electrodeposition time of 30 min is
better than that of the latter. And three satellite drops can be
observed appearing at 17 ms after pressing the surface
(Fig. 9(b)), and we found that the satellite drops fall back to the

306 | RSC Adv, 2022, 12, 297-308

surface, coalesce with main droplets, and then completely
rebound. It proved that rebound performance is better after the
pressing force.

Fig. 9(c) and (d) show the rebound behavior of the water
droplets on the aluminum surface for 30 min electrodeposition
atV=1.25ms" ", respectively. It can be seen that, at 68 ms, the
superhydrophobic surface after the pressing force has a higher
rebound height. Fig. 9(e) and (f) show the rebound behavior of
water droplets with V = 1.53 m s~ impacting the aluminum
superhydrophobic surface for 15 min electrodeposition. Before
pressing, an impacting droplet is deformed during spreading

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and forms an oval shape. When the maximum extension is
reached (9 ms-17 ms), then it resumes back to the spherical
shape, and takes off with a jet and small satellite drops similar
to that of Fig. 9(a)—(d). The reason maybe is that the aluminum
surface has grown a thicker surface than that of 1 minute, and
the prepared surface is a soft surface, so the droplets will collide
and bounce at a certain speed. It consumes a part of the
momentum, so that its bounce height is lower and the chance of
satellite drop formation is greatly reduced. After pressing, as
shown in Fig. 9(f), the droplet bounces up obviously, and the
phenomenon is similar to that of Fig. 9(a)-(e). It is also proved
that the pressing force can improve the soft surface
superhydrophobicity.

In order to further study the rebound behavior, we imaged
the rebound behavior of water droplets on the stainless steel
superhydrophobic surface with a tilt angle of about 5°. Fig. 9(g)
shows the water droplet rebound behavior of stainless steel for
15 min electrodeposition at V= 1.53 m s~ . It can be seen more
clearly that it impacts the surface to form a round cake shape at
4 ms. In the retraction progress, at 10 ms, one satellite drop
cannot follow the main droplet's receding motion and thus
pinches off on the surface (9-68 ms in Fig. 9(g)). However, the
main droplet bounces at ¢t = 10 ms, and then leaves the small
satellite drop pinning on the surface. Fortunately, after the
pressing force, the surface can obtain a bounce ability similar to
that in Fig. 9(c).

Therefore, we can conclude that within a certain range of
droplet impact velocity, the larger the velocity, the stronger the
bounce performance. At the same impact velocity, the rebound
performance of aluminum and stainless steel is better than that
of the copper substrate. The main reason is that the hardness of
aluminum and stainless steel is higher than that of stainless
steel. The proper increase of the electrodeposition time is
advantageous to the rebound performance at the same velocity
and the same substrate. More importantly, the super-
hydrophobic surface that is pressed with a glass slide by the
pressing force of the thumb can significantly strengthen the
rebound performance of water droplets. The reason is believed
to be mainly due to the fact that the flower-like structures on the
surface become denser, harder, and consume less energy for the
bounce of droplets after the pressing force.

4. Conclusions

In conclusion, we have successfully reported a simple one-step
electrodeposition process to construct a soft calcium super-
hydrophobic surface on the cathodic substrate with an elec-
trolyte solution, and its rebound performance was also studied
systematically. The needed shortest electrodeposition time can
be largely shortened to 0.5 min. A maximum contact angle of
166° and a low rolling angle of less than 3° are achieved on the
prepared cathodic copper surface. The cooperation of H,
bubbles, flower-like structures, and calcium myristate with low
surface energy play an important role in adjusting surface
wettability. Such unique surface structures can contribute to
trapping a large amount of air and showing a superhydrophobic
performance. Moreover, this kind of calcium superhydrophobic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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surface has an excellent bound performance. After the pressing
force, the bound performance of the as-prepared surface will be
increased. The technique is expected to provide a promising
way for the large-scale fabrication of superhydrophobic surfaces
and promote the bound performance by a simple pressing
force.
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