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Abstract

Superhydrophobic surfaces in natural world, such as lotus leaves, are commonly attributed to a combination of hierarchical micro/nano
structures and low surface energy materials, giving inspiration for the preparation of artificial superhydrophobic surfaces. In this work, with an
equivalent electrolytic time of 10 min, superhydrophobic surfaces on copper substrates were prepared by an one-step pulse electrodepositing
process with different frequency in an electrolyte containing lanthanum chloride (LaCl3*6H,0), myristic acid (CH3(CH,);,COOH) and ethanol.
Surface morphology, chemical composition and superhydrophobic property were investigated with SEM, EDX, FTIR and contact angle meter.
The results show that the as-prepared surfaces have micro/nano dual scale structures mainly consisting of lanthanum myristate
(La[CH3(CH,),C0OO0];). The maximum water contact angle (WCA) is about 160.3°. This method is time-saving and can be easily extended to

other conductive materials.
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1. Introduction

Surface wettability is one of the most important properties
of solid material. Superhydrophobicity which means that
surfaces with a water contact angle (WCA) greater than 150°
has attracted considerable attention on fundamental research
as well as industrial application due to its unique behavior in
the field of self-cleaning, anti-icing, anti-corrosion, water-oil
separation[1-4] etc. A rough surface with special micro/nano
structures and/or surface chemical composition with low
surface free energy are the key factors of superhydrophobicity.

Inspired by some particular plants, such as lotus leaves,
rose petals and rice leaves, many processes were developed to
fabricate the artificial superhydrophobic surfaces, including,
but are not limited to chemical etching, electrochemical
etching, solution-immersion, sol-gel processing, femtosecond
laser ablation, chemical vapor deposition, electrospinning and
hybrid processes[5-11]. However, most of the above
mentioned methods involved some disadvantages such as
environmentally unfriendly chemical treatments, high vacuum
and ultraclean working condition, expensive equipment, or

multi-step and time-consuming processing procedures, which
limit their practical applications.

Because of its facile, economical and high efficient
intrinsic qualities, direct current electrodeposition[12-14] has
drawn great interest of researchers in respect of preparation of
superhydrophobic ~ surfaces on conductive substrates.
Moreover, large-scale fabrication regardless of the geometric
shape of the workpieces is a distinct advantage of cathodic
deposition in  industrial  applications. In  addition,
electrodeposition has an advantage that the surface
morphology of the deposition layer can be simply regulated by
tuning the electrodeposition parameters such as composition
and concentration of the electrolyte, temperature, electrical
parameters and processing time.

Compared with the conventional direct current deposition,
the pulse electrodeposition has a different forming mechanism
and offers a greater control over the structure and properties of
electrodeposits by introducing some unique electrical
parameters such as frequency and duty ratio. To the best of
our knowledge, only a few researches about the fabrication of
superhydrophobic surfaces by pulse electrodeposition have
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been conducted and reported[15]. The relationship between
the electrical parameters of pulse current and the morphology
of deposition layer, as well as their profound impact on the

performance of the wettability need to be revealed
systematically.
In this work, a rapid one-step process for fabrication of

biomimetic superhydrophobic surface by  pulse
electrodeposition was presented. The effect of different
frequency of pulse current on the surface morphology and
wettability was specifically investigated.

2. Experimental
2.1. Materials & sample preparation

Anhydrous ethanol and myristic acid of analytical grade
were used as received. Lanthanum chloride (LaCl;*6H,0) was
used without further purification. Commercially pure copper
sheets with a thickness of 1 mm were used as the substrate
material for the deposition of superhydrophobic coatings.
Copper plates with a size of 30 mm x 30 mm x 1 mm were
abraded with silicon carbide papers (from 800 to 2000 grades),
then ultrasonically degreased in anhydrous ethanol for 10 min,
followed by ultrasonic cleaning with deionized water for 10
min before being dried under atmospheric condition.

2.2. Pulse electrodeposition

Electrolytic solution was prepared by adding 0.04 M
lanthanum chloride and 0.1 M myristic acid into 100 ml
ethanol under magnetically stirring at ambient temperature.
Two copper plates were taken as the anode and cathode with a
distance of 2 cm in an electrolyte cell. Pulse currents of 30 V
and 50% duty ratio with different frequency ranging from 50
to 2000 Hz were applied to the two electrodes by using a
programmable AC/DC power source (ELGAR SW5250A,
USA). The composition of the electrolytic solution and the
electrical parameters of the processes are summarized in
Table 1, while a schematic diagram of the experimental setup
is shown in Fig. 1. In order to avoid contamination and
mitigate the effects of the reagent concentration, the
electrolyte was replaced by a new solution after fabricating
every sample.

After an 10 min equivalent electrolytic time at room
temperature under stirring condition (200 rpm) by using a
magnetic stirring apparatus, the cathodic electrode was rinsed
thoroughly several times with ethanol and distilled water and
then was dried in an air condition. Subsequently, a cathodic
surface with hierarchical micro/nano structure was obtained.

Table 1. Electrolytic and electrical parameters

Electrolytic Composition

value  Electrical parameters value
LaCl;-6H,O(M) 0.04 Voltage(V) 30
CH3(CH2),,COOH(M) 0.1 Frequency(Hz) 50, 500, 1k, 2k
C2H5OH(ml) 150 Duty ratio 50%
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Fig. 1. Schematic diagram of a pulse electrodeposition setup
2.3. Sample characterization

The surface morphology of the as-deposited surfaces was
characterized by scanning electron microscopy (SEM, JEOL
JSM 6060LV, Japan) at 10 kV. The corresponding chemical
composition was examined by Fourier transform infrared
spectrophotometer (FTIR, NICOLET 8700, USA) and energy
dispersive spectrometer (EDX Genesis 60, USA). Surface
wettability was measured by a contact angle measurement
instrument (XG-CAMBI, China) at ambient temperature for
each surface. Water droplets with about 4 pl were dropped on
the deposited layers from a distance of 0.2 cm by vibrating the
burette. The reported data were obtained as the average of five
measurements at different locations on the sample.

3. Results and discussion
3.1. Surface morphology

Surface morphology plays an important role on the wetting
properties of a surface. Fig. 2 shows the SEM images of the
as-prepared deposition layers at 30V and 50% duty ratio for
various frequency after 10 min equivalent electrolytic time.
Fig.2(a) shows the morphology of the cathodic surface
obtained under 50 Hz condition. It is clear that flower-like
clusters with a diameter around 30-60 um were formed. These
clusters have countless overlapping petals, which makes it
similar to the peony flowers. Beneath the flower-like clusters,
micro particles with a diameter about 5-15 pm were deposited
and distributed relatively uniform. When the frequency is
extended to 500 Hz, the SEM images of the surface
morphology are shown in Fig.2(b). The flower-like clusters
could also be found on the deposited surface. However, the
petals of the flower-like structure are looser than the ones
shown on Fig.2(a). Around and under the flower-like clusters,
particles with a diameter about 5-15 um were deposited which
lead to heterogeneous surface structures.

When the frequency is prolonged to 1000 Hz, the SEM
images of the surface morphology are shown in Fig.2(c). The
flower-like structure disappeared and only the relatively
uniform mastoids with a diameter of around 10 pm were
formed. Furthermore, interconnected hair-like nano structure
with a dimension of about 1 um long and 50 nm wide could
be observed on the micro-scale asperity structures. Image at
higher magnification as shown by the inset of Fig.2(c)
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demonstrated that the combination of micro-nano dual scale
structure which makes it own a similar characteristic with the
surface of lotus leaf. Thus, the surface obtained under this
condition exhibited a highly textured morphology with
hierarchical micro-nano structure. With increasing frequency
to 2000 Hz, the SEM images of the surface morphology are
shown in Fig.2(d). Almost all of the micro particles have
cracks on the surface, which made them similar to the shape
of coffee bens.

Fig. 2. SEM images of the surfaces deposited at 30V and 50% pulse current
for different frequency.(a) 50 Hz; (b) 500 Hz; (¢) 1 kHz; (d) 2 kHz.

Electrocrystallization mainly includes three basic steps:
generation of seed crystals, formation of crystal nuclei and the
growth of crystals. The size of crystalline grains is closely
related to the nucleation rate of crystals and growth rate of
crystalline grains during the electrocrystallization. When the
frequency are 50 Hz and 500 Hz, the cycle of the pulse
current are 20 ms and 2 ms and the on-time are 10 ms and 1
ms, respectively. On this occasion, crystal growth plays more
important role than the generation of new nucleus, leading to
the formation of flower-like structure. When the frequency are
1 kHz and 2 kHz, the cycle of the pulse current are 1 ms and
0.5 ms and the on-time are 0.5 ms and 0.25 ms, respectively.
On this occasion, nucleation becomes more pronounced than
crystal growth, leading to the disappearance of flower-like
structure and only the formation of micro clusters.

3.2. Chemical composition

As shown in Fig. 3, FTIR spectrum was used to get the
functional group information of the deposition layer
obtained under 1000 Hz. In the low frequency region, the
corresponding absorption peak of free carboxyl group (-COO-)
from myristic acid appears at 1701 cm'[16], while the
deposition layer exhibits the adsorption peaks at 1526 cm’
and 1440 cm’. which may stem from asymmetric and
symmetric stretches of carboxyl group. In the high frequency
region, the absorption peaks at 2849 cm™ and 2915 cm™ are
ascribed to methylene groups (-CH,-)asymmetric and
symmetric stretching vibrations while the absorption peaks at
2955 cm” are attributed to methylene groups (-CHs)
asymmetric stretching vibrations. The surface energy of -CHj,
and the -CH,- groups are 24 mJ/m? and 31 mJ/m*[17], which
indicates that the deposition layers have low free energy.
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Fig. 3. FTIR spectrum of the superhydrophobic surface obtained by pulse
electrodeposition

Table 2. Composition of the as-prepared superhydrophobic surface obtained
by EDX.

Element Wt % At %
C-K 64.63 84.52
O-K 12.73 12.49
Cl-K 1.31 0.58
La-L 21.33 2.41
Total 100 100
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Fig. 4. EDX spectrum of the superhydrophobic surface obtained by pulse
electrodeposition

Fig. 4. depicts EDX spectrum and shows that the elements
La, C, O and Cl can be observed on the as-prepared surfaces.
As shown in table 2, the atom percentage of La/C/O is about
1:35.07:5.18. Hence, it can be inferred that a low surface free
energy material named lanthanum myristate
(La[CH3(CH,);,COO0]3) is deposited on the copper substrates.

3.3. Surface wettability

In order to reveal the relationship between the frequency of
pulse current and the surface wettability, the contact angles of
the as-prepared surfaces were measured and shown in Fig. 5.
The contact angle reached 155.5° when employed 50 Hz and
the corresponding surface morphology is the one with tight
flower-like petals. When the frequency prolonged to 500 Hz,
the contact angle decreased slightly to 153.6° and the
corresponding surface morphology is the one with loose
flower-like petals. As the frequency extended to 1000 Hz, the
contact angle increased to 160.3°, reaching the maximum
level. It should be noticed that the corresponding surface
morphology shown in Fig. 2.(c) demonstrate a highly-textured
surface with hierarchical micro-nano dual scale structure
which has a similar characteristics with lotus leaf. With
increasing frequency to 2000 Hz, the contact angle decrease
slightly to 157.1°. The surface obtained under this condition
has similar clusters compared with the one obtained under
1000 Hz, but with bigger size and without hair-like structure
on the clusters surface. Combined with Fig. 2 and Fig. 5, it
can be deduced that the variation of surface morphologies
have profound effects on surface wettability.
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Fig. 5. Relation of water contact angle and pulse current frequency.

4. Conclusion

In conclusion, the fabrication of superhydrophobic surfaces
were successfully processed by a rapid one-step pulse
electrodeposition with an electrolyte solution containing
lanthanum chloride, myristic acid and ethanol. The
experimental results show that the frequency of the pulse
current plays an important role in determining the surface
morphology. It is the combination of a dual micro-nano
surface structure and a surface layer of La(CH;(CH,);,COO);
with low surface energy that has contributed to the
superhydrophobicity with a contact angle as high as 160.2°. It
is expected that this method could be easily extended to
various conductive materials for the fabrication of functional
surfaces with superhydrophobic properties.
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