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Abstract:

NU

A facile aluminum based superhydrophobic thin films were electrodeposited by

MA

mixing aluminum isopropoxide (AlOx) with stearic acid (SA) onto the copper
substrates via one-step method. The energy dispersive X-ray spectroscopy

D

(EDS)attenuated total-reflectance Fourier Transmission infrared spectroscopy

PT
E

(ATR-FTIR) were used to confirm the presence of Al, C, and O as well as COO-Al
and C-H bonds in the thin film. The water-roll off properties were analyzed by

CE

measuring the contact angle to study the superhydrophobic nature of fabricated films.

AC

Results show that superhydrophobicity with the water contact angle of 161 ± 1° and
the contact angle hysteresis of 2± 1° were obtained with respect to the AlOx/SA molar
ratio of 0.33. The morphology of the fabricated thin films consisted of uniform porous
structures with surface roughness (rms) of 3 m on the copper substrate. The addition
of stearic acid plays an important role for the superhydrophobic property. Furthermore,
the thin films and their anticorrosion behavior were investigated using 3.5 wt.%
corrosive aqueous NaCl electrolyte solution. The polarization resistance of the thin
1
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film is found to be 962 kΩ·cm2 as characterized by Tafel. Similarly, impedance value
of 10 MΩ·cm2 was obtained from Electrochemical Impedance Spectroscopy (EIS). A
simple fabrication of water-repellent superhydrophobic aluminum-based coating
endues extremely high active in corrosion protection.

PT

Keywords: Copper (Cu); superhydrophobic; stearic acid; electrodeposition;

RI

anticorrosion

SC

Introduction:

NU

Growing interests in the wettability of a solid surface have a wide range of
implications in the field of science and engineering. Superhydrophobicity is

MA

considered as an important property for the extreme state of surface wettability. These
surfaces exhibit high water repellency, where the water drops bead up on the surface

PT
E

D

(contact angle more than 150°), and the droplet readily slide away from the
surface(small contact angle hysteresis) [1,2]. A micro or nanostructured rough surface

CE

texture and a nonpolar surface chemistry having low surface energy are the two
essential parameters which help trap a thin layer of air that limits the interactions

AC

between solid and liquid surface [3]. Superhydrophobic surfaces have achieved much
attention in many industrial applications, such as anti-fogging[4], anti-frosting[5],
anti-icing[6], self-cleaning [7], superamphiphobic, omniphobic [8], drag reduction [9],
biomedical uses[10] as well as anticorrosion applications [11].The physico-chemical
interaction between a metal and its environment alters its surface chemical properties,
which referred as corrosion[12]. The concept of preparing superhydrophobic surfaces
creates enormous chances within the area of corrosion inhibition for metals and alloys.
2
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Due to their self-cleaning property and water roll-off performance, superhydrophobic
coatings provide an approach to slow down the corrosion process of metals and thus
prevent the metal surfaces underneath from further corrosion[13].

anodization [14], electroplating[15],

PT

Several surface treatments methods such as

RI

electroless plating[16], spray coating[17], etc. have been explored for improving

SC

performance and longevity of metal substrates. Among current industry strategies for
combatting corrosion, the transformation of hydrophilic metal substrate into

NU

anticorrosive surface via superhydrophobic coatings is considered an excellent

MA

alternative for metal protection, particularly for copper substrate against corrosion
[18]. Copper (Cu) is an abundant material in nature. Due to its superior properties,

D

copper has been widely used as an important engineering material. Nonetheless,

PT
E

copper is chemically reactive and liable to corrosion in its surrounding
environment[19], which limits its applications. In recent years, several researchers

CE

have focused attention on investigation of surface properties of copper. Among these,

AC

our group recently reported work on copper superhydrophobic surface, prepared by
organic stearic acid passivation[20]. In this work, the presence of the flower-like
surface morphology ensured a low surface energy copper stearate films that resulted
in a water contact angle of 153±2° with excellent water roll-off properties[20].This
resulted in higher corrosion resistance compared to the as-received bare copper
surface[21].

3
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In recent years, electrodeposition process using inorganic ions such as Mn2+, Ni2+,
Co2+,Mg2+in an organic electrolyte has been reported to fabricate superhydrophobic
surfaces [22–26]. However, the fabricated thin films or coatings did not satisfy the
industrial requirements towards cost-effectiveness, stability and anti-corrosion

PT

properties. So, the combinations of organic-inorganic coatings could help to achieve

RI

improved properties over the traditional coatings [27]. The maximum contact angle of

SC

cathodic superhydrophobic copper surface deposited from manganese chloride and
myristic acid by Zhi et al. [22] has been reported to have 163° with the rolling angle

NU

of less than 3°. Similarly, nickel stearate/nickel hydroxide [23] and cobalt stearate thin

MA

films[25] have been reported to have active corrosion protection for aluminum alloy
substrates.

D

In a recent year, one-step process electrodeposition process were used to fabricate

PT
E

superhydrophobic surfaces on metal surfaces. A rapid one-step method was used to
fabricate a superhydrophobic surface on a magnesium alloy using an ethanol solution
cerium

nitrate

hexahydrate

and

myristic

acid

[28,

30].The

CE

containing

AC

superhydrophobic surface shows excellent performance of corrosion resistance when
immersed in corrosive aqueous solutions such as 3.5 wt % NaCl, Na2SO4, NaClO3,
and NaNO3. The superhydrophobic coating based on cerium on aluminum substrate is
found to be possessed anticorrosion properties [29]. Furthermore, Mn-based
superhydrophobic surfaces were fabricated in the similar process and found these
surfaces could be used for both corrosion resistance and antibacterial applications
[31].
4
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Several methods such as physical vapor deposition, plasma spray coating and dip
coating have been utilized to fabricate Al based coatings[32-34]. Compared to these
techniques, electrodeposition approach shows simplicity and better control over
thickness [35].

PT

Aluminum has been used not only as base materials but also as a protective layer due

RI

to its low density, high corrosion resistance, good formability, negative

SC

electrochemical potential, and environmental friendliness[36–38].Hence in this work,
a simple electrodeposition of aluminum-based films using aluminum isopropoxide

NU

(C9H21O3Al: coded as AlOx) and stearic acid (SA)has been used to fabricate

MA

superhydrophobic thin films on copper substrates. The various molar ratios of
AlOx/SA are investigated and their respective superhydrophobic and anticorrosion

PT
E

Experimental:

D

properties have been discussed in this work.

CE

Materials and methods:

Two pieces of copper substrates (1×2 inches) were used as cathode and anode

AC

electrodes with the working area of (1×1 inch).The as-received bare copper substrates
were ultrasonically cleaned in soap solution to remove oil or grease consequently
washed with deionized water and dried in an oven at 70 °C. The appropriate amount
of isopropanolic solution of aluminum isopropoxide (AlOx) ([(CH3)2CHO]3Al) and
ethanolic stearic acid (SA) (CH3(CH2)16COOH) were used as an electrolyte with the
respective molar ratios for deposition process. The electrochemical deposition was
carried out at room temperature in 30 V of DC supply for 10 minutes. From our
5
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previous work by Y. Huang et.al[21], has provided the inference on DC voltage.
During the electrodeposition process, under constant voltage, these two electrodes
were separated in parallel to each other by a distance of 1.5 cm. Different
concentrations of the electrolyte solutions were prepared with the controlled AlOx/SA

PT

molar ratios of 0, 0.05, 0.1, 0.2, 0.33, 0.4 and 0.5. The solutions were ultrasonically

RI

mixed for 10 minutes before electrodeposition. The volume of the electrolyte solution

SC

was fixedat60 ml in all cases. The coating took place at the cathodic copper electrode.
After the electrodeposition, the thin films on cathodic copper substrates were carefully

NU

removed from the electrolyte solution and dried on a hot plate at 70 °C for 8 hours in

D

Characterization techniques:

MA

an air environment.

PT
E

The surface morphology and chemical features were studied by scanning electron
microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDS). The

CE

structure and chemical compositions were analyzed by Attenuated Total

AC

Reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). The surface
wettability analysis was carried out by First Ten Angstrom contact angle goniometer.
The root mean square (rms)

roughness

measurement was

executed by

MicroXAM-100 h 3D surface profilometer. The electrochemical experiments were
performed in 3.5 wt % NaCl using PGZ100 potentiostat[11, 25]. The standard
three-electrode systems were used with an Ag/AgCl reference electrode, a platinum
mesh as the counter electrode, and fabricated thin films as working electrode. EIS
6
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measurements were conducted over the frequency range from 100 kHz to 10 mHz
with a sinusoidal signal amplitude of 10 mV with respect to stable open circuit
potential (OCP). The OCP was monitored approximately 20 hours before performing
EIS. The Zview tool was used to simulate the process of electrochemical impedance

PT

after EIS measurement, which provided the fitted values of constant phase element,

RI

capacitance and charge transfer resistance as well as resistance of the electrolyte. The

SC

potentiodynamic polarization curves were scanned from -250 mV to 1000 mV with

NU

respect to OCP (vs Ag/AgCl) with a scan rate of 2 mV/s.
Results and discussion:

MA

Fig.1 shows the morphological features of the surface of a bare copper and aluminum
based (AlSA) thin films on copper substrates with various molar ratios of AlOx/SA

PT
E

D

SEM images. The inherent rolling lines on copper substrates, which are commonly
seen on rolled sheets are observed in Fig. 1 (a) and (b).The water contact angle on the

CE

surface of bare copper was found to be 94 ± 3° (see the inset of Fig. 1 (b)). The
morphology of the AlSA thin films on copper substrates are presented in Fig.1 (c-j)

AC

with various molar ratios of AlOx/SA in electrolyte solution. The morphologies are
strongly influenced by the ratio of AlOx/SA on electrodeposited thin films. When the
molar ratio is low (0.05), the deposited thin film is found to be uniform on the copper
substrate. The corresponding water contact angle was observed as 153 ± 1° as shown
in the inset of Fig 1(d). Similarly, higher the molar ratio of AlOx/SA resulted increased
water contact angle of the deposited AlSA thin films. The water contact angle
increased to 161±1° on the thin films when AlOx/SA ratio was 0.33 in the beaker. An
7
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observation of the formation of cracks in films appears with the molar ratio of 0.5 in

AC

CE

PT
E

D

MA

NU

SC

RI

PT

the electrolyte. The water contact angle of this surface is found to be 154±1°

Fig. 1. SEM images of (a-b) bare copper substrate and superhydrophobic AlSA thin
films with various AlOx/SA molar ratios of (c-d) 0.05, (e-f) 0.2, (g-h) 0.33, (i-j) 0.5. The
insets show the corresponding water contact angle images of droplets.
8
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PT

The possible mechanism of aluminum stearate (AlSA) formation is as follows:

MA

Fig. 2. Schematics of chemical reaction on the formation of aluminum stearate

PT
E

D

In Fig. 2, dissolving the aluminum isopropoxide with propanol solution and their
atmospheric hydrolysis resulted in the formation of intermediate aluminum hydroxide.

CE

The addition of ethanolic stearic acid could result in the formation of aluminum
stearate (AlSA) structures.

AC

The observed elements such as carbon, oxygen, aluminum and copper were measured
by energy dispersive X-ray spectroscopy (EDS) analysis as shown in Fig. 3 (a). The
EDS graphs were plotted for different molar ratios of AlOx/SA against the energy vs
intensity. Fig 3 (b) shows the increase of aluminum in the thin film’s composition
with respect to increase in the AlOx/SA molar ratio (0.05, 0.2, 0.33, 0.4 and 0.5) in the
electrolyte. The tendency for increase of Al atomic percentage is related with the
increase in AlOx in the electrolyte. The presence of C and O in the coating might be
9
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related to the SA as the alkyl with the AlOx may remain in the solution according to

CE

PT
E

D

MA

NU

SC

RI

PT

the reaction as presented in Fig. 1.

AC

Fig.3. (a) EDS spectra of the AlSA thin film with the various molar ratios of AlOx/SA
(0.05, 0.2, 0.33, 0.5)(b) the evolution of Al percentage with respect to the AlOx/SA
molar ratio, and (c) Variation of thickens with ratio various molar ratios of AlOx/SA

This could be due to the increase in Al-O formation. For the 0.33 AlOx/SA, the
amount of aluminum was observed as 3.9 at. %. Compared to 0.33 molar ratio
coatings, the amount of observed aluminum was higher in 0.5 coatings. This is related
to formation of thick films, which resulted from the increased amount of aluminum on
10
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copper surfaces. The ratio of Al/(C+O) in an ideal film composed of AlSA would be
0.05. The closest experimental asset value by EDS is found to be 0.045. Increase of
the molar ratio of AlOx/SA in the electrolyte 0.5 leads to the increases in Al/(C+O)
ratio to 0.0622. Fig. 3 (c) shows the variation of thickness with the increase of molar

PT

ratio in the electrolyte. It is found that the thickness of the films increases with the

RI

increase of the AlOx in the electrolyte.

SC

Table I shows the elemental composition of aluminum-based thin films on copper
substrates prepared with different molar ratios of AlOx/SA in the electrolyte.

NU

Table I Composition of aluminum based superhydrophobic thin films on copper with
various molar ratios of AlOx/SA in the electrolytes

C

O

Al

O/Al

O/C

Al/(O+C)

11.93

1.96

6.08

0.17

0.024

11.68

2.24

5.21

0.165

0.027

70.78

16.27

3.9

4.17

0.22

0.0448

65.2

21.89

5.42

4.0

0.33

0.0622

D

molar

Thin films composition (at. %)

67.55

0.2

70.77

AC

0.5

CE

0.05

PT
E

ratio

0.33

MA

AlOx/SA

The wetting characteristics were characterized using water contact angle
goniometry by measuring CA and CA hysteresis. Fig. 4 describes the relationship of
surface roughness (rms), water contact angle and contact angle hysteresis of the thin
films as a function of AlOx/SA molar ratio.

11
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PT
E

D

Fig.4. (a) The effect of surface roughness, (b) water contact angle (c) contact angle
hysteresis with respect to various AlOx/SA molar ratios (0.05, 0.2, 0.33, 0.5)and (d) the
effect of roughness vs contact angle.

CE

The surface roughness of bare copper surface is ~0.2 μm as shown in Fig.4 (a). In

AC

contrast, the roughness of AlSA thin films is found to be higher than that of
as-received copper substrate. The roughness of the film is found to be ~5 μm prepared
with the0.33molar ratio of AlOx/SA. Raising the concentrations 0.4 and above, the
roughness is increased with formation of cracks on the surface. The roughness of
superhydrophobic copper stearate thin films on anodic copper substrate was reported
to be 6 μm

[21].In the present work, the AlSA thin films resulted in surface

roughness of 3 μm, with improved superhydrophobicity. In Fig.4 (b), the contact
12
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angle was plotted against respective AlOx/SA. A maximum of CA was found to be at
the ratio of 0.33. Interestingly, in this work the contact angles of all the copper
substrates with AlSA have higher values than the anodic copper surfaces modified
with only stearic acid by our previous work of Huang et al.[21]. Moreover, the time of

PT

electrodeposition was only 10 minutes with the potential of 10 V as compared to 120

RI

minutes in 30 V by Huang et al. The superhydrophobicity of all the AlSA thin films

SC

can be attributed to the formation of dense uniform aluminum stearate structure with
different morphologies (see Fig. 1). When the AlOx/SA molar ratio is infinite (i.e.,

NU

absence of stearic acid in the electrolyte solution), the contact angle of the cathodic

MA

surface decreased to 92 ± 1°,possibly due to the formation of oxides of aluminum.
This value is almost equal to that of the bare copper surface. This observation clearly

D

indicates that the presence of stearic acid with aluminum isopropoxide is responsible

PT
E

for achieving the superhydrophobicity on copper surfaces. Previously, we have
fabricated several superhydrophobic surfaces with the combination of metal ions and

CE

stearic acid by electrodeposition such as CuSA[11], NiSA [23]and CoSA[25]. In this

AC

work, AlOx was used as the source for Al to achieve superhydrophobic coppers
providing very similar water CA.
The addition of aluminum in stearic acid increases the ability to repel the water
from its surface on modified copper substrates irrespective of the molar ratio of
AlOx/SA. However, the optimum ratio of 0.33 outperformed in terms of contact angle.
The corresponding hysteresis ((θA- θR) where, θA is advancing angle and θR is
receding angle [39])plot against molar ratio complements the above results with 2°
13
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(see Fig.4 (c)). In this study, the copper surfaces deposited with the small amount of

D

MA

NU

SC

RI

PT

AlOx addition (less than 0.5) demonstrates superior superhydrophobicity.

CE

PT
E

Fig.5. FTIR spectra of superhydrophobic AlSA thin films with various AlOx/SA molar
ratios (0.05, 0.2, 0.33, 0.5), with stearic acid (only SA) and without stearic acid (only
AlOx)

The chemical compositions of the AlSA superhydrophobic thin films on copper

AC

substrates fabricated were studied by ATR-FTIR analysis. Fig.5 also contains the
spectra of AlOx and SA thin films on the copper substrate. At the high frequency
region, the sharp peaks at 2849 and 2916cm−1 are attributed to -CH2vibrations
accompanied by a small peak at 2953 cm−1associated to -CH3 vibrations
respectively[40]. The presence of long chain aliphatic groups of CH2 and
CH3effectively makes the AlSA as a low surface energy material. The mid-frequency

14
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region at 1561 cm−1is corresponded to the carboxyl group (COO) which has shifted
from its original position from1700 cm−1[41]. This shift is due to the bond formation
of COO-Al in AlSA thin films. The peaks at 1445, 1421 cm−1and1322 cm−1 are well
matched with (δCH)-CH2and (δCH)-CH3, respectively. Similarly, δCH absorbance at

PT

720 cm−1 was related to long chains of - CH2[23, 41]. Further the peak at 533 cm−1 is

RI

attributed to Al-O bond[43,44]. In comparison, the thin films with only SA do not

SC

show the presence of COO-Al and Al-O peaks at 1561[42] and 533cm−1 respectively.
Fig.6 shows the potentiodynamic polarization (Tafel plots) studies of the AlSA

NU

thin films on copper substrates. The corrosion potential (Ecorr), corrosion current

MA

density (Icorr) and polarization resistance (Rp) are calculated from Tafel plots and
presented in TableII. As described in our previous publication [25], The corrosion

PT
E

D

potential and current densities are calculated by Stern-Geary equation,

𝛽𝑎𝛽𝑐

2.3𝐼𝑐𝑜𝑟𝑟(𝛽𝑎+𝛽𝑐)

(2)

CE

Rp1 =

AC

where βa and βc correspond to the anodic and cathodic Tafel slopes, respectively. All
the corrosion parameters were ascertained using the software provided with the
potentiostat.

15
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CE

PT
E

D

Fig.6. (a) Potentiodynamic polarization curves of superhydrophobic AlSA thin films
prepared with various molar ratios ofAlOx/SA (0.05, 0.2, 0.33 and 0.5),with stearic acid
(only SA) without stearic acid (only AlOx) compared with bare copper substrate, (b)
effect of the molar ratio of AlOx/SA on the polarization resistance Rp and (c) corrosion
current density Icorr with respect to AlOx/SA molar ratio.

AC

The polarization resistance and the corrosion current density of the bare copper
substrate was found to be ~1 kΩ·cm2 and ~12.9 μA/cm2, respectively. These results
were comparable with the existing literature on corrosion data of bare copper
substrates[11,25]. Fig. 6 (b) shows that Rp1 increases to the maximum of 961
kΩ·cm2for the AlSA thin films prepared using the molar ratio of AlOx/SA of 0.33. The
corresponding current density was found to be the minimum of 12 nA/cm2.In this film,
the obtained Rp1 is ~1000 times higher than that of bare copper. Concurrently, the
16
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Icorr is nearly 1000 times lower than that of bare copper. Due to the
superhydrophobic nature of AlSA thin films the aqueous corrosive electrolyte does
not react with it. Also, the superhydrophobic nature of thin film does not only
prevents the penetration of ions from NaCl aqueous electrolyte but also inhibits the

PT

electron transfer. This leads to very low corrosion current providing the very high

RI

value of polarization resistance. In general, materials with better corrosion protection

SC

show higher polarization resistance and lower corrosion current density [15,21,23]

0.05
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0.2
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1
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5
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549
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961

1022
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800
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8627

1.4

1.3

92

1.5

-105

AC

0.33

12904

Only AlOx

PT
E

-189

CE

Bare Cu

D

MA

NU

Table II The corrosion parameters, contact angle and charge transfer resistance of the
bare copper surface with respect to various AlOx/SA molar ratios
AlOx/SA
Ecorr
Icorr
*Rp1
**Rp2
CA
Rct
2
2
2
molar
(mV)
(nA/cm )
(kΩ·cm )
(kΩ·cm )
(°)
(kΩ·cm2)
ratio
With
respect
to
Ag/AgCl

AlSA thin films fabricated using a higher molar ratio of 0.5of AlOx/SA provided
the polarization resistance Rp1and the corrosion current densities of Icorr are found to
17
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be 194 kΩ·cm2 and 59 nA/cm2, respectively. The lesser corrosion protection could be
associated with the lower contact angle of AlSA thin films. The corresponding non
uniform morphologies from the SEM images in Fig 1 (i-j) support the weaker

Rp1 and Icorr are 1.4 kΩ·cm2 and 8.6 μA/cm2, respectively.

PT

corrosion protection behavior. In the absence of stearic acid, the AlOx based thin films

RI

Ohm’s law was used as an alternative approach to calculate the polarization resistance

𝑅𝑝 2 =

SC

as shown in Eq (3)
∆𝑉
∆𝐼

(3)

NU

where ∆V and ∆I, are the variations in potential and current around Ecorr in Tafel curve.

CE

PT
E

D

MA

∆V is used with ± 15 mV.

AC

Fig.7. (a) The I-V curves with the potential variation of ± 15 mV (b) the polarization
resistance (Rp) value calculated by Stern-Geary equation (Rp1) vs calculated by the
Ohm’s law (Rp2).

Fig.7 (a) shows the linear parts of I-V curves correspond to the Tafel plots in
Fig.6(a).The I-V slopes of AlSA thin films are extremely higher as compared to bare
copper substrate and pure AlOx thin films. The calculated polarization resistances

18
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from the Ohm’s law are 1.1, 1.3 and 1022 kΩ·cm2,correspondingto the bare copper,
AlOx based thin films and AlSA thin films prepared with the molar ratio of AlOx/SA
of 0.33, respectively. The values of polarization resistances Rp1 and Rp2 in TableII are
plotted as shown in Fig.7 (b). The fitting from the slope of Rp1 vs Rp2 is ~1, which

AC

CE

PT
E

D

MA

NU

SC

RI

PT

indicates the reliability of Rp values calculated in two different methods.

Fig.8. Electrochemical impedance spectroscopy measurements for the AlSA thin films
fabricated with the molar ratio of AlOx/SA of 0.33 and the bare copper substrate. (a)
Bode modulus plot(b) Bode phase diagram (c) Nyquist plot (inset: amplified diagram at
the higher frequency region) (d) equivalent circuit of (d1) bare copper (d2)
superhydrophobic AlSA thin films (Dotted lines: experimental values and dashed
lines :simulated values)

The EIS measurements were presented as a complementary corrosion test for the
19
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AlSA thin films fabricated with the molar ratio of AlOx/SA of 0.33 and bare copper
substrates. The dotted lines represent the experimental values, and dashed lines
correspond to simulated values shown in Fig. 8.
Fig.8 (a) shows the Bode plot of bare copper substrate and AlSA superhydrophobic

PT

thin film. In this plot |Z| has been presented with respect to frequencies. At low

RI

frequency of 0.01 Hz, the modulus of AlSA superhydrophobic thin film and bare

SC

copper substrate are found to be ~104kΩ·cm2and 10 kΩ·cm2, respectively. In the case
of superhydrophobic thin film, the impedance, at both high and low frequencies, was

NU

positively shifted by three orders of magnitude. This signifies the better protection

MA

against corrosion [45],Furthermore, two peaks of superhydrophobic thin films
correspond to two different time constants as shown in Bode phase plot in Fig 8(b).

D

The high-frequency time constant at 10 kHz was assigned to its capacitance, and the

PT
E

low-frequency at 10 Hz was due to the capacitance of the double layer near the
working electrode. The shift has been observed slightly towards a low frequency

CE

whereas in the case of bare copper substrate, only a single time constant was observed

AC

at 50 Hz. This indicates the anticorrosion properties were improved with the
formation of AlSA thin films on the copper substrate.

Table III Impedance parameters of electrical equivalent circuits (EEC) and fitted EIS
data of (i) solution resistance (Rs), (ii) film resistance (Rf), (iii) charge transfer
resistance (Rct), (iv) constant phase element (CPE).
Rs(Ω·c
m2 )

CPEf
Yf
−1 n
(Ω ·s ·cm−2
)

nf

Rf
(Ω·cm2)

CPEdl
Yf
−1 n
(Ω ·s ·cm−2
)

nf

Rct
(Ω·cm2)

20
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Copper
substrate
Superhydroph
obic thin film
on copper
substrate

9.7

-

-

-

2×10-5

0.7

5×103

1.8×103

5×10-9

0.9

1×107

1×10-7

0.6

1×105

PT

Fig.8 (c) shows the Nyquist plots of the AlSA thin films and the bare copper substrate,

RI

which depict the imaginary component (–Z’’) vs the real component (Z’). The Nyquist

SC

plot has shown with the three different distinct resistance features such as solution
resistance (Rs), film resistance (Rf) and charge transfer resistance (Rct). The initial

NU

impedance value corresponds to the resistance of the electrolyte solution Rs, and for

MA

bare copper substrate it is 9.7 Ω·cm2, while for superhydrophobic thin film, Rs was
found to be1.8 kΩ·cm2. The gain in the value is due to the presence of an additional

D

layer (AlSA thin film).Two semicircles were observed in the Nyquist plot of AlSA

PT
E

thin films. The first semicircle at high frequencies, close to the origin of the plot,
indicates the charge transfer resistance (Rctf), and the second large semicircle

CE

apparently covers the whole frequency zone is due to the resistance of the thin film

AC

(Rf). This resistance is due to the dielectric properties of the superhydrophobic thin
films. It must be mentioned that the dielectric thin film associated with the
capacitance value, will be discussed later in this paragraph. The charge transfer
resistance of superhydrophobic AlSA thin film (Rctf) was found to be 13 kΩ·cm2 and
the second semicircle has a diameter of 10 MΩ·cm2which is due to the resistance of
the film. In contrast, the bare copper substrate shows the charge transfer resistance,
Rct0, value of 5 kΩ·cm2as presented in the inset of Fig 7(c) (in green color). The
21
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higher Rctf and higher Rf together provide better corrosion protection properties of
superhydrophobic thin film[46]. Fig.8 (d1) and (d2) are the equivalent circuits of the
experimental impedance spectroscopy data of bare copper substrate

and

superhydrophobic AlSA thin film. The obtained experimental values of resistance and

PT

capacitance (dashed lines) are well matched with the simulated theoretical values, as

RI

presented in Table III.

SC

The electrical equivalent circuits as shown in Fig. 8 (d) are used to fit the EIS
data for the bare and superhydrophobic thin film coated copper substrates. The

NU

detailed information on equivalent circuits are described in our previous publication

MA

[25].

The inhibition efficiency (ƞ) of the superhydrophobic film can be defined by the

D

following equation:

(4)

𝑅𝑠ℎ = 𝑅𝑐𝑡𝑓 + 𝑅𝑓

(5)

𝑅𝑠ℎ −𝑅𝑐𝑡0
𝑅𝑠ℎ

× 100%

PT
E

η=

CE

where in Eq. (5), Rsh is the sum of charge transfer resistance and film resistance of

AC

superhydrophobic AlSA thin films and Rct0 is the charge transfer resistance of the bare
copper substrate. In our study, the inhibition efficiency is calculated as 99.95% with
the Rsh is 10 MΩ·cm2 and Rct0 as 5 kΩ·cm2.
The various metal ions and stearic acid (SA) were used to fabricate
superhydrophobic thin films to protect metals [11,15,21,25,47,48].Superhydrophobic
thin films fabricated using Ni ions[23] and SA on aluminum substrates provided the
polarization resistance (Rp) of ~ 861 kΩ·cm2and total impedance (Rsh) (charge
22
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transfer resistance and film resistance)) from EIS spectroscopy resulted as ~ 16
MΩ·cm2. Similarly, Co ions[25] with SA complemented the Rp of 1591 kΩ·cm2 and
Rsh of 8 MΩ·cm2. In this work, novel aluminum source, i.e., aluminum isopropoxide,
instead of metal ions was used to fabricate Al-based superhydrophobic (AlSA) thin

PT

films on copper substrates. The obtained Rp and Rsh are 961 kΩ·cm2 and 10 MΩ·cm2,

RI

respectively. These results are similar to the reported values on aluminum substrates.

SC

Thus, the current work by a simple electrodeposition method with controlled
molar ratio of AlOx/SA has showed higher contact angle of 161° with the better

NU

corrosion protection on copper surface. The addition of stearic acid in AlSA thin film

MA

is an influencing phenomenon to achieve the better corrosion protection of the copper
substrate.

D

Fig 9 demonstrates the corrosion stability of the superhydrophobic AlSA thin film

PT
E

by monitoring ATR-FTIR spectroscopy of the sample before and after the corrosion
test. There is a slight loss in the overall intensity of the spectrum after corrosion,

CE

which indicates the AlSA superhydrophobic thin films protect the copper surface

AC

against corrosion.
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MA

Fig.9. FTIR spectra of superhydrophobic AlSA thin films prepared with AlOx/SA
molar ratio of 0.33 before and after corrosion test

D

Fig.10 (a) and (b) shows the high magnification SEM images of superhydrophobic

PT
E

AlSA thin film before and after the corrosion test. The corresponding insets represent
the image of water contact angle. There were no significant changes observed on the

CE

morphology after the corrosion test. Fig.10 (c) shows the corresponding EDS spectra
and photograph of superhydrophobic AlSA thin films on the copper substrate. Similar

AC

to the composition analysis from FTIR analysis, there are no changes observed from
the EDS spectra after the corrosion test. Both composition and morphological analysis
support the findings from the electrochemical characterization of active corrosion
protection of superhydrophobic AlSA thin film.
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NU

Fig.10. SEM images of AlSA thin films with the AlOx/SA molar ratio of 0.33 (a) before
corrosion (b) after corrosion (c) the corresponding EDS spectra

MA

Conclusions:

D

A facile one-step electrodeposition process was used to fabricate aluminum based

PT
E

superhydrophobic thin films on copper substrates. The thin films were fabricated with
the mixture of aluminum isopropoxide (AlOx) and stearic acid (SA) in an ethanolic

CE

solution with various molar ratios. Composition analysis confirmed the formation of
aluminum stearate (AlSA) thin films. The morphologies of the AlSA thin films were

AC

strongly influenced by the molar ratio of AlOx/SA in the electrolyte. The AlSA thin
film fabricated with 0.33 molar ratio of AlOx/SA resulted the best superhydrophobic
roll-off properties with the water contact angle of 161 ± 1° and a contact angle
hysteresis of 2 ± 1°. The best superhydrophobic AlSA thin films displays the
polarization resistance of 961 kΩ·cm2, which was nearly1000 times higher than the
bare copper substrate. In addition to polarization resistance, the real part of impedance

25
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from EIS spectroscopy has been used to determine the inhibition efficiency of the
superhydrophobic thin film, which was found to be 99.95 %.
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Highlights


One-step electrodeposition of Al-based superhydrophic thin films on copper
surfaces.
Compositional analysis by infrared and x-ray analysis confirmed the AlSA
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Best superhydrophobicity with the water contact angle of 161 ± 1° was
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formation

obtained.

Polarization resistance of 961 kΩ·cm2 and impedance of 10 MΩ·cm2 were
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Corrosion inhibition efficiency for the AlSA thin film is found to be 99.95%.
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