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Abstract: Water scarcity is a worldwide issue that significantly affects the environment, population,
and economy of the arid zones. In this study, we report a straightforward method for water-harvesting
based on modifications of the surface wettability. Using magnesium chloride, lauric acid,
and electrodeposition process, a superhydrophobic surface (155◦) is obtained. Morphological
characterization techniques allow determination of the characteristic flower-like microstructures
combined with close packed nanoarrays that lead to the hierarchical structure. Furthermore, the
coating presents vertically aligned microarrays in a non-linear cone morphology formed by dynamic
templating of hydrogen bubbles. From a chemical point of view, magnesium laurate is responsible
for the surface tension decrease. To determine the durability of the obtained surface ultra-violet (UV)
light test and abrasive paper test, tests are carried out revealing high durability against these severe
conditions. The water-harvesting ability of the superhydrophobic surface is studied at 45◦ and 90◦

tilted samples. The capacity of the water to be harvested efficiently is found to be at 90◦ tilt under
fog conditions. The use of green reactants associated with this hierarchical structure broadens a new
scope for sustainable freshwater collection and it becomes an excellent example of a green solution.

Keywords: non-fluorinated; superhydrophobic; water-harvesting; fatty acid; robust; durable

1. Introduction

Water shortages and scarcity is a worldwide phenomenon that significantly alters the environment
as well as the population in arid zones. Moreover, access to safe drinking water remains a challenge in
several countries, which leads to the development of new strategies to achieve a new scenario in which
materials used must be remarkably sustainable.

Indeed, surfaces with extraordinary wettable properties are attracting attention due to the capability
of collecting water from the environment. In fact, surfaces with a water contact angle (WCA) higher than
150◦ as well as a contact angle hysteresis (CAH) ≤ 10◦ are defined as superhydrophobic [1,2]. Because of
their extraordinary surface properties, novel applications are emerging to solve environmental problems
such as oil/water separation in oil spills [3–7], corrosion resistance in marine conditions [8,9], or reducing
ice adhesion in cold environments [10,11]. Moreover, water-harvesting in some environments can
contribute to solving global issues. Because of that, several complex methods are carried out to collect
water droplets by combining superhydrophobic–hydrophilic surfaces such as polymerization [12],
templating [13], biotemplating [14] or nanoimprint lithography [15]. Despite the results showing these
references, the reactants used to decrease surface tension such as trimethylchlorosilane (TMCS) or
perfluorooctyltriethoxysilane (FAS) are combined with solvents such as chlorobenzene or chloroform
that are extremely harmful for the environment and human health. Therefore, the development of
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innovative and sustainable strategies [16–18] appears to be necessary to generate a new framework
for superhydrophobic surfaces. Environmentally friendly materials [19–22] are a forward-looking
approach towards materials science because they also play an important role in applications to distinct
ecosystems due to their benign properties. For that reason, eco-friendly surfaces without the presence
of fluorine compounds remain a challenge [23,24]. Indeed, long-chain fatty acids [25,26] play a key
role in this subject because of their intrinsically hydrophobic character. In this direction, different
strategies can be found in the literature such as liquid phase deposition (LPD) of cinnamic acid from
cinnamon or myristic acid from nutmeg to prepare superhydrophobic copper surfaces [27]. Others
rely on the co-precipitation method used to obtain Fe3O4 magnetic nanoparticles (MNPs) via an
eco-friendly route [28]. Moreover, superhydrophobic polydimethylsiloxane (PDMS) monolith has also
been prepared by emulsion templating process [29], or biomass-derived banana peel aerogel from the
combination of different techniques allowing separation of oil-in-water systems [30].

In the present research, a new sustainable surface is obtained by electrodeposition of lauric
acid with magnesium chloride that leads to magnesium laurate as a main chemical compound
responsible for surface tension decrease. This effect combined with the flower-like structures conduced
superhydrophobic properties observed (WCA = 155◦). To sum up, the as-prepared surface is highly
durable and is still superhydrophobic after several cycles against UV light exposure or abrasive test.
Finally, the completely superhydrophobic surface is composed of several microarrays in a non-linear
cone shape caused by dynamic templating during electrodeposition, which allows water condensation
under fog conditions and collects water droplets for human consumption.

2. Materials and Methods

2.1. Electrodeposition

The present methodology is based on electrochemical deposition (EDP) that has been carried out
on aluminum substrate UNS A91070 thin plate (10 × 40 × 1 mm) (Servei Estació, Barcelona, Spain)
previously grinded with P1200 SiC abrasive paper to clean and remove impurities from the substrate
surface. The electrolytic bath is prepared as follows: the reactants, 0.1 M lauric acid (Scharlab, S.L.,
Barcelona, Spain) and 0.05 M MgCl2 (Panreac, Barcelona, Spain), are dissolved in a solution of absolute
ethanol (Scharlab, S.L., Barcelona, Spain). Two aluminum substrates (acting as electrodes) are immersed
vertically in the previous solution, which works as the electrolytic bath, and both plates are separated
20 mm from each other. After applying a current density of 0.02 A/dm2 for 900 s, the superhydrophobic
system is deposited onto the cathode. After the electrodeposition, the samples are removed, cleaned
with ethanol, and dried in a fume hood for a few seconds.

2.2. Durability Tests

Two different tests are carried out to determine the durability of the as-prepared superhydrophobic
surface. On the one hand, the surface is exposed under UV light (λ = 250 nm) using a Philips TUV 8W
G8T5 UV lamp with a 25 cm distance between the lamp and the sample. The test allows evaluation of
the stability of the surface after 300 min of exposure. On the other hand, a sandpaper abrasive test is
also used to determine the surface durability in severe abrasive conditions. The superhydrophobic
surface is placed in contact with SiC P1200 sandpaper and it is moved 10 cm across for 10 cycles while
a pressure of 5 kN/m2 is applied. After each abrasion cycle, the WCA as well as the sliding angle (SA)
are measured.

2.3. Water-Harvesting Test

To study the water-harvesting ability of the as-prepared sustainable surface, a conventional
controlled salt fog chamber (ISO 9227) was set up at room temperature (25 ± 1.1 ◦C) and a working
pressure of deionized water of 172 kPa. All the samples had an area of 10 × 4 mm and were exposed
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for 2 h under fog conditions; the weight of the collected water was measured. In addition, the samples
were held at two different tilt angles (45◦ and 90◦) to determine any effect in water-harvesting rate.

2.4. Characterization Techniques

Different characterization techniques were used to determine morphological structure as well as
the chemical composition of the obtained surface. The sample surface was characterized using FE-SEM
JEOL J-7100 electron microscope (JEOL Ltd., Tokio, Japan) in order to study its detailed morphology
and energy dispersive X-ray spectroscopy detector (EDS) (Oxford Instruments, Oxfordshire, England)
to determine the elemental composition of the surface. Atomic Force Microscopy (AFM) was used to
analyze the topographic structure using AFM Multimode 8 Microscope with electronic Nanoscope V
(Bruker, Billerica, MA, USA) in Peak Force tapping Mode with a tip Sharp Nitride Lever (SNL) from
(Bruker, Billerica, MA, USA) and the cantilever with resonance frequency of 65 kHz and a spring constant
of 0.35 N/m. The study of the surface nanostructure was performed with a transmission electron
microscope, JEOL JEM-2100 (TEM) (JEOL Ltd. Tokio, Japan) with EDS detector for microanalysis; the
samples were supported onto a holey carbon film on a Cu grid. The roughness of the surface was
measured by confocal microscopy using a LeicaScan DCM3D on a surface of 1270 × 950 µm2 using a
white light beam. X-Ray Photoelectron Spectroscopy (XPS) (PHI, Chanhassen, MN, USA) was carried
out to determine chemical composition by PHI ESCA-5500 using a monochromatic X-Ray source (Kα

(Al) = 1486.6 eV and 350 W); Multipak software was used to perform deconvolutions and calculate
the atomic percentage of each element. Attenuated Total Reflectance Fourier Transformed Infrared
(ATR-FTIR) spectroscopy was also used to establish the presence of hydrocarbon acid and its chemical
bonds; for this purpose, a Fourier Bomem ABB FTLA in the range 4000–525 cm−1 at a resolution of
4 cm−1 was used. µ-Raman spectroscopy analysis was carried out to determine chemical composition
of the obtained surface using a Jobin–Yvon LabRam HR 800 dispersive spectrometer, coupled to an
optical microscope Olympus BXFM (Horiba, Kioto, Japan). The CCD detector was cooled at –70◦C.
Laser lines were 532 nm in a spectral range of 4000–100 cm−1, dispersive gratings at 600 l/mm and at
5 mW power. Phase characterization of the surface was obtained by X-Ray Diffraction (XRD) from
PANalytical X’Pert PRO MPD Alpha1 powder diffractometer in Bragg-Brentano θ/2θ geometry of
radius 240 millimeters and Cu Kα1 radiation (λ = 1.5406 Å). Contact angle was measured using a
digital microscope Levenhuk and 3.5 µL of deionized water at room temperature. The reported WCA
values are the average of three measurements of droplets at different parts on the surface. SA were
measured when the samples were tilted until water droplets rolled off and CAH were measured by
increasing and decreasing droplet volume.

3. Results and Discussion

3.1. Structural Characterization

Field-Emission Scanning Electron Microscopy (FE-SEM) observations were performed to study
the surface morphology. After 900 s of EDP, the aluminum substrate surface was completely covered
with micro- and nano-structures. The combination of both features causes a hierarchical structure
adopting a flower-like morphology that plays a key role in the modification of the surface wettability.
These characteristic structures are built up in two distinct levels: the microstructure shown in Figure 1a,
formed itself by the nanolayers as seen in Figure 1b.

EDS microanalyses (Figure 1c) of the nanostructure indicated the presence of a carbon peak
corresponding to lauric acid and a contribution from the previous carbon sputtering (Kα = 0.277 keV);
also, there was a less intensive peak of magnesium appeared in the spectra belonging to the obtained
surface layer (Kα = 1.253 keV). Oxygen (Kα = 0.525 keV) and aluminum (Kα = 1.486 eV) are also
present in the EDS spectra, both from the substrate as well as the inherent alumina to the aluminum
substrate surface. A certain contribution of the substrate and lauric acid (C12H24O2) are confirmed.
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Figure 1. FE-SEM images of the as-prepared superhydrophobic (SH) surface on aluminum substrate: 
(a) distribution of microstructures on the substrate after 900 s of electrodeposition; (b) at higher 
magnification the flower-like structure and its nanostructured layers are observable; and (c) EDS 
microanalysis where Mg and C from the obtained coating and Al from substrate can be identified.  

AFM is used as a high-performance imaging technique allowing more accurate analysis of the 
hierarchical structure of the surface at the nanometer scale. From the AFM observation, the surface 
of nanolayers is found to be highly organized by lamellar nano-structures in which the smooth layers 
overlap (Figure 2a,b bottom left) and are highly stacked to each other as can be seen in Figure 2c,d. 
The layer thickness was measured and was 32.8 ± 2.9 nm. 

 

Figure 2. AFM images showing lamellar nano-structures stacked on each other in two different areas: 
10 × 10 μm (a) (b) and 4.0 × 3.4 μm (c) (d). 

Figure 1. FE-SEM images of the as-prepared superhydrophobic (SH) surface on aluminum substrate:
(a) distribution of microstructures on the substrate after 900 s of electrodeposition; (b) at higher
magnification the flower-like structure and its nanostructured layers are observable; and (c) EDS
microanalysis where Mg and C from the obtained coating and Al from substrate can be identified.

AFM is used as a high-performance imaging technique allowing more accurate analysis of the
hierarchical structure of the surface at the nanometer scale. From the AFM observation, the surface of
nanolayers is found to be highly organized by lamellar nano-structures in which the smooth layers
overlap (Figure 2a,b bottom left) and are highly stacked to each other as can be seen in Figure 2c,d.
The layer thickness was measured and was 32.8 ± 2.9 nm.
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High-resolution transmission electron microscopy (HR-TEM) allows observation of the structure
at the nanometer scale as well as determination of the elemental composition by EDS microanalysis of
the as-prepared SH coating. The structure observed corresponds to the unit (petal) of the flower-like
morphology made of thin layers that overlap themselves (Figure 3a) and planes in the layer itself
(Figure 3b). These units of the coating do not contain long-range order in the atomic lattice, giving
diffuse ring diffraction patterns in the corresponding selected-area electron diffraction (SAED) obtained.
The weak diffraction rings in Figure 3c suggest certain arrangements that can be considered crystalline
in nature of the petal morphology, consistent with a distinguishable diffraction ring that corresponds to
a monoclinic crystal structure according to the Joint Committee on the Powder Diffraction Standards
(JCPDS) with data card 8-528. Figure 3d shows the EDS microanalysis in which the magnesium
associated with the SH coating is identified (Kα = 1.253 keV). A peak of aluminum from the substrate
(Kα = 1.486 keV) and an intense peak of carbon (Kα = 0.277 keV) from the lauric acid and also from the
carbon film of the copper grid (Lα = 0.930 keV and Kα = 0.930 keV), chloride peaks (Kα = 2.621 keV)
are assigned to the presence of magnesium chloride from the reactant used.
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assigned to the space group P21/a [31–34]. Hence the superhydrophobic surface is made of well-
organized layers. 

Figure 3. HR-TEM images of the as-prepared coating that is structured in nanolayers that overlap
themselves (a), (b); (c) the SAED pattern showing weak rings from nanolayers; and (d) the EDS
spectrum shows that the composition is mainly Mg and C (as the TEM grid is Cu and Cl are associated
with the MgCl2 reactant used).

XRD technique should allow determination of the crystalline character of the surface. As shown
in Figure 4, the coating presents five peaks assigned to the aluminum substrate and corresponds to the
planes 2θ = 38.5◦ (111), 2θ = 44.7◦ (200), 2θ = 65.1◦ (220), 2θ = 78.2◦ (311), and finally 2θ = 82. 4◦ (222).
Additionally, a reflection at 2θ = 20.798◦ is distinguishable (Figure 4 inset) that is characteristic of the
lamellar structures of organic compounds arranged in a monoclinic set system that can be assigned to
the space group P21/a [31–34]. Hence the superhydrophobic surface is made of well-organized layers.
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Figure 4. XRD peaks in the inset indicate well-organized layers from an organic lamellar structure at
2θ = 20.798◦. Peaks from the aluminum substrate (•) are indicated in the diffractogram.

For structural characterization, let us interpret the surface morphology as the combination of
each flower-like feature with nanolayers giving rise to the hierarchical structure. The assembly of
these hierarchical structures increases the roughness allowing the air to be trapped in the whole
surface pockets producing a Cassie–Baxter wetting regime [35]. In addition, the nanolayers of the
superhydrophobic surface are arranged in a monoclinic crystal structure that can be related to greater
lateral Van der Waals interactions between laurate chains in the lattice [32].

3.2. Chemical Characterization

Fourier transform infrared spectrometry (ATR-FTIR) is used to determine the chemical composition
related to lauric acid as well as to the new eco-friendly coating (Figure 5). Pure lauric acid [36–38] and
the formed coating presents different common bands, which are sharp peaks at ca. 2951 cm−1, 2911 cm−1

and 2845 cm−1 that correspond to stretching of the alkyl chain of νasCH3, νasCH2, νsCH2-CH2. At ca.
1470 cm−1 weak and broad bands assigned to δCH2 and δH–C–H bendings can also be found. Finally,
both samples coincide in three weak and sharp bands situated at ca. 1122 cm−1 that correspond to
δCH bending out of plane, ca. 1088 cm−1 CH3 symmetric deformation and ca. 776 cm−1 from the
vibration of δC-H bending out of plane. For SH coating, the vibration with sharp and very strong band
at ca. 1696 cm−1 assigned to νC = O stretching is no longer present in the coating [39,40]. Moreover,
sharp and medium intense band at ca. 1300 cm−1 is assigned to νC–O stretching and two sharp and
medium intense bands at ca. 1192 cm−1 and ca. 934 cm−1 are assigned to the stretching vibration of
–OH group. In contrast, superhydrophobic coating presents three distinct sharp and weak bands at ca.
1559 cm−1, ca. 1442 cm−1 and ca. 1408 cm−1 that are assigned to the vibrations of νasCOO−, νasCOO−,
and νsCOO− stretching, respectively. This characteristic difference indicates that no free lauric acid
on the surface is left after the electrodeposition and a new functional group is formed assigned to
carboxylate formation (COO−).
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Figure 5. ATR-FTIR spectroscopy technique allows determining the formation of carboxylate compound
after the electrodeposition process.

µ-Raman spectroscopy was used to complement ATR-FTIR and determine the chemical
composition and consequently the presence of laurate. This characterization technique is particularly
important because it reveals the characteristic fingerprint for organic compounds due to alkyl
chain [41,42]. Figure 6 depicts the Raman spectrum of the obtained superhydrophobic surface where
four types of group bands can be identified. The first region below 1000 cm−1 corresponds to
low-frequency bands and are assigned to γCH2 rocking vibration [43,44]. The group of bands between
1064 cm−1 and 1123 cm−1 are assigned to symmetric νsC–C symmetric stretch [45]. Bands between
1295 cm−1 and 1446 cm−1 correspond to δCH2 and δCH3 bending [44,46]. At 2735 cm−1 can be found a
band also assigned to δCH2 bending. Finally, ca. 2900 cm−1 this group of strong bands are assigned to
νC–H stretch [43]. Those bands are characteristic of lauric acid derivative such as magnesium laurate.
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Figure 6. Raman spectrum of superhydrophobic coating assigned to laurate because of the fingerprint
of alkyl chain.

Comparing the spectra of Raman with the ATR-FTIR, it can be found that weak bands assigned in
ATR-FTIR such as C–H vibrations are strong in Raman spectrum and vice versa, which is a common
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behavior between both spectroscopic techniques. This particularity allows determination of the
chemical composition of the as-prepared superhydrophobic surface assigned to laurate group.

High-Resolution (HR) XPS was used to investigate the chemical composition as well as the
chemical environment of the obtained superhydrophobic coating. The HR-XPS spectra shows C-1s,
O-1s, and Mg-2s of the coating after 900 s of EDP and the atomic concentration is 77.65% of C-1s,
18.06% for O-1s, and 1.998% of Mg-2s. It is worth noting the presence of Ca-2s (1.01 %), which is
considered an impurity of the reactants. The peak in the C-1s region can be deconvoluted in three
distinct components (Figure 7 a) corresponding at 282.7 eV to C-C bond, 285.6 eV to carbonyl group (C
= O) form the carboxylate and finally 289.2 to carboxylate group (O–C = O) [47,48]. The O-1s spectra is
deconvoluted to three peaks (Figure 7b) assigned to C = O at 530.1 eV, C-O bond at 532.7 eV and O–C
= O from the carboxylate group at 535.2 eV bonded to a metallic atom [48,49]. For Mg-2s spectrum the
deconvolution (Figure 7 c) presents a peak at 90.57 eV from Mg (II) oxidation state [50].
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Figure 7. HR-XPS confirms the generation of a magnesium carboxylate after the EDP that decreases
the surface tension of the as-prepared coating (a) C-1s, (b) O-1s and (c) Mg-2s.

The combination of these spectroscopic techniques allows the determination of the chemical
composition of the as-prepared superhydrophobic surface. Taking into account the ATR-FTIR, it
shows the characteristic bands of carboxylate group after EDP of lauric acid combined with MgCl2
while in Raman spectrum the fingerprint of laurate alkyl chain is found. Moreover, O-1s and C-1s
HR-XPS spectra reveals the presence of carboxylate functional group bonded to a metallic atom that is
assigned to magnesium (II) as depicted in Mg-2s spectrum. Taking into account these results, the main
component of the system is assigned to magnesium laurate (Mg(C11H20COO)2) that contributes to
decrease the surface tension of the final system.

From an electrochemical point of view, near the aluminum surface, magnesium (II) ions react with
lauric acid while it releases H+ to the hydro-alcoholic medium that tends to increase its concentration
locally [51,52].

Mg2+ + 2C11H20COO− →Mg(C11H20COO)2

Water is oxidized onto the anode while magnesium laurate is formed on to the cathode where at
the same time it also takes place hydrogen evolution reaction (HER):

H2O (l) → O2 (g) + 4H+
(aq)

+ 4e−

2e− + 2H+
(aq)
→ H2 (g)

Therefore, meanwhile, magnesium laurate flower-like microstructures are formed through the
whole surface of aluminum substrate, and hydrogen bubbles promote the obtained coating, itself
vertically aligned in microarrays due to its detachment and vertical flow, which is an indication
that hydrogen bubbles perform as a dynamic template. The obtained morphology of microarrays is
characterized using confocal microscopy, as shown in Figure 8.
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conditions. Regarding the SA, it slightly increased from 5° to 7° and because the value was still lower 
than 10° after the UV tests, it indicates the robustness of the SH surface under UV light conditions. 

Figure 8. Confocal microscopy images show: (a) the formed microarrays in a non-linear cone shape
and (b) pitch between cones. These features were caused by dynamic templating of hydrogen bubbles
during electrodeposition of magnesium laurate.

The morphology of microarrays can be defined as a non-linear cone shape with 20◦ tip angle,
285.4 ± 22.5 µm base length, and height 21.7 ± 7.3 µm while lower tip angle is 57◦ (Figure 8a).
Additionally, the distance between two consecutive non-linear cones, known as pitch, is 795.9 ± 5.6 µm
(Figure 8b).

3.3. Wettability Properties

Superhydrophobicity is precisely defined by several parameters related to the angle between a
surface and a water droplet such as WCA, SA, and CAH [2,53]. In our case, after 900 s electrodeposition
process the WCA = 155◦ ± 0.6◦ and the as-prepared surface shows superhydrophobic properties and
the SA is also measured and results 5◦ ± 0.1◦ (Figure 9a,b). Furthermore, CAH = 1 ± 0.5◦. Considering
these results, it can be concluded that water droplet roll-off across the surface.
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Figure 9. Images of contact angle measurements: (a) WCA = 155 ± 0.6◦ and (b) SA = 5 ± 0.1◦. Both
characteristics leads to a superhydrophobic surface with self-cleaning properties.

Moreover, it is important to study the behavior of these coatings under different conditions
to understand and determine their durability. Hence, UV light resistance test [54] is carried out
to determine the capability of the superhydrophobic surface to resist environmental conditions.
After 300 min of UV light exposure (Figure 10), there was no remarkable difference in the WCA
between the coating before the test and after 300 min under UV light exposure. Indeed, the WCA
remained higher than 150◦ after every exposure leading to a durable superhydrophobic surface in these
conditions. Regarding the SA, it slightly increased from 5◦ to 7◦ and because the value was still lower
than 10◦ after the UV tests, it indicates the robustness of the SH surface under UV light conditions.
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Figure 10. After several cycles of UV light test the WCA is not affected at all, which denotes a high
stability of the coating under energetic light. SA increases slightly but it still presents self-cleaning
properties after 300 min under UV light exposure.

Taking into consideration the resistance against severe mechanical test, a sandpaper abrasion
test (SiC P1200) was performed because it is an effective method to evaluate the durability against
mechanical abrasion of superhydrophobic surfaces. The test consists of forcing the contact between
the surface and the abrasive paper with an applied pressure of 5 kN/m2 through 10 cm, this test is
repeated 10 times. After the first abrasive cycle, a white powder could be found on the sandpaper
although the WCA remains higher than 150◦ in the coated sample. Despite this residue and after
10 cycles (Figure 11a), the surface is still superhydrophobic and the corresponding WCA was also
measured with a value of 152◦ and SA = 6◦. The results indicate high durability of the SH surface and
maintains its self-cleaning properties despite the sigmoidal increase after the fifth cycle (Figure 11a)
caused by a decrease in roughness. Furthermore, self-cleaning properties of superhydrophobic surface
after abrasion test were also investigated. Typically, a layer of soot was poured over the surface, which
was tilted 6◦, and the water droplet easily slides along the surface while soot powder was pick up and
the surface was completely cleaned (Figure 11b). This result reveals that despite mechanical abrasion
against the surface, it retains high WCA and low SA where both features are responsible for low
adhesion and self-cleaning properties.
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is damaged by abrasive paper test. This illustrates that the hierarchical structure of the as-prepared 
coating is chemically homogeneous. 

a) b) c) 

Figure 11. Durability of the as-prepared coating is showed by (a) WCA remains slightly constant and
higher to 150◦ after each sandpaper abrasive cycle while SA increases until a maximum value of 6◦;
and (b) self-cleaning properties were investigated after abrasive paper test.

As the roughness of the surface samples plays a key role to define the superhydrophobic
character [1], RMS (root-mean-square) is measured using confocal microscopy. Before EDP, aluminum
substrate shows RMS = 0.52 ± 0.16 µm (Figure 12a) whereas after that process, the superhydrophobic
surface takes a value of 8.59 ± 0.39 µm (Figure 12b). An increase in the roughness of the surface will
lead to a rise in the superhydrophobic character of the as-prepared surface. The results of RMS values
of the as-prepared coating are compared with the measured RMS after sandpaper abrasion test where
RMS takes a value of 2.99 ± 0.76 µm (Figure 12c).
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Figure 12. RMS values measured by optical confocal microscopy are aluminum substrate (a) 0.52 ±
0.16 µm; superhydrophobic surface (b) 8.59 ± 0.39 µm and after 10 cycles of abrasion test (c) 2.99 ± 0.76
µm. The EDP process increases the roughness while the abrasion test reduces it.

The difference between the RMS values before and after the sandpaper abrasive test is due to
its ability to smooth the surface. Despite decreasing the value of roughness, the superhydrophobic
character is not severely affected (WCA = 152◦) and it remains superhydrophobic. To better comprehend
the resistance against abrasive paper test and evaluate the durability of the as-prepared surface, FE-SEM
is used to determine the morphology of the surface after 10 cycles and EDS allows identification of the
semiquantitative composition before and after the test. It can be seen that the flower-like structure
(Figure 13a) is no longer present at the upper structures and in fact they are smoother compared with
the previous morphology (Figure 1). Despite this, several bumpy structures are present and composed
of a hierarchical structure. In addition, the elemental composition of the surface after the abrasive
paper test is determined and compared using EDS microanalyses (Figure 13b). The spectrum shows
that the composition is the same compared to the coating before abrasive test (Figure 1c) but the peak
assigned to Mg is less intense than the coating itself before abrasion. These results demonstrate that the
composition does not change significantly after the coating surface is damaged by abrasive paper test.
This illustrates that the hierarchical structure of the as-prepared coating is chemically homogeneous.



Coatings 2020, 10, 314 13 of 19
Coatings 2020, 10, x FOR PEER REVIEW 13 of 19 

 

 

Figure 13. FE-SEM micrograph and EDS spectra shows (a) the coating after 10 cycles of abrasive paper 
test with a smooth structure and (b) similar elemental composition after the test is compared to Figure 
1c. 

One of the most problematic consequences of wear in superhydrophobic surfaces is the loss of 
character hence moving to hydrophilic surface due to the generation of pinning sites through the 
whole surface. In fact, due to the homogeneity of flower-like structures of these samples, which are 
made of the hydrophobic compound magnesium laurate, wear will not introduce hydrophilic 
character to the as-prepared coating [55–57]. Moreover, as the hierarchical structure is not completely 
damaged and still present on the surface, and the WCA and the superhydrophobic behavior of the 
surface is not severely affected. Indeed, the combination of both characteristics, chemical composition 
homogeneity and hierarchical structure, keeps the Cassie–Baxter wetting state of the coating that 
promotes superhydrophobicity to the surface. Furthermore, roughness loss does not severely affect 
its wettability properties, which leads to a durable superhydrophobic surface that also presents self-
cleaning properties. 

3.4. Water-Harvesting 

To understand the capability of the superhydrophobic coating to collect water droplets from the 
fog/mist environment, the experimental set-up is carried out in a conventional fog chamber. Water 
collection rate (ξ) was calculated following Equation (1) at different times ranging from 10 min to 120 
min: 𝜉 =  𝑚 𝑆⁄ ·t (1) 

where m is the water mass measured when it is collected, S is the total surface of the coating on to 
aluminum substrate, and t is time. Samples are placed vertically (90°) and with a tilt (45°) to study 
the influence of the position in water-harvesting. Figure 14 depicts collecting water rate of coated 
samples (45° and 90°) and two aluminum substrates as references in both positions (tilt 45° and 
vertical 90°). As shown, both aluminum references present a water collection rate near zero after 120 
min of exposure (6.3 × 10−5 μg·mm−2·min−1 in case of 90°, and 3.7 × 10−5 μg·mm−2·min−1 for sample tilted 
45°), it indicates that these samples are not capable of collection water due to the hydrophilic 
character of aluminum substrate (WCA = 83 ± 0.9°). Thus, water droplets are strongly adhered on the 
substrate and cannot slide through the surface to be collected. In the case of coated samples, collection 
rate increases in both positions but the sample in the vertical position is more efficient; indeed, after 
2 h of water collection, the 45° tilt sample allows collection of 9 μg·mm−2·min−1 while the vertical 
sample collects 13 μg·mm−2·min−1. Furthermore, in the case of the tilt sample, two different stages of 
water collection can be identified: the first one from the beginning until it reaches a maximum at 30 
min and then remains flat until 60 min of fog test; here, it can be seen that 45° collection rate is higher 
than the rate of 90° sample (before 40 min); this difference is because at 45° water droplets are slightly 
retained, which tends to increase their volume and increase the amount of collected water. After this, 
the second stage behaves in a similar way: water collection rate increases until 90 min and then 
remains constant until 120 min of fog exposure. This specific behavior is caused by the tilt angle: 

Figure 13. FE-SEM micrograph and EDS spectra shows (a) the coating after 10 cycles of abrasive
paper test with a smooth structure and (b) similar elemental composition after the test is compared to
Figure 1c.

One of the most problematic consequences of wear in superhydrophobic surfaces is the loss of
character hence moving to hydrophilic surface due to the generation of pinning sites through the
whole surface. In fact, due to the homogeneity of flower-like structures of these samples, which
are made of the hydrophobic compound magnesium laurate, wear will not introduce hydrophilic
character to the as-prepared coating [55–57]. Moreover, as the hierarchical structure is not completely
damaged and still present on the surface, and the WCA and the superhydrophobic behavior of the
surface is not severely affected. Indeed, the combination of both characteristics, chemical composition
homogeneity and hierarchical structure, keeps the Cassie–Baxter wetting state of the coating that
promotes superhydrophobicity to the surface. Furthermore, roughness loss does not severely affect
its wettability properties, which leads to a durable superhydrophobic surface that also presents
self-cleaning properties.

3.4. Water-Harvesting

To understand the capability of the superhydrophobic coating to collect water droplets from the
fog/mist environment, the experimental set-up is carried out in a conventional fog chamber. Water
collection rate (ξ) was calculated following Equation (1) at different times ranging from 10 min to
120 min:

ξ = mH2O/S·t (1)

where m is the water mass measured when it is collected, S is the total surface of the coating on to
aluminum substrate, and t is time. Samples are placed vertically (90◦) and with a tilt (45◦) to study the
influence of the position in water-harvesting. Figure 14 depicts collecting water rate of coated samples
(45◦ and 90◦) and two aluminum substrates as references in both positions (tilt 45◦ and vertical 90◦).
As shown, both aluminum references present a water collection rate near zero after 120 min of exposure
(6.3 × 10−5 µg·mm−2

·min−1 in case of 90◦, and 3.7 × 10−5 µg·mm−2
·min−1 for sample tilted 45◦), it

indicates that these samples are not capable of collection water due to the hydrophilic character of
aluminum substrate (WCA = 83 ± 0.9◦). Thus, water droplets are strongly adhered on the substrate and
cannot slide through the surface to be collected. In the case of coated samples, collection rate increases
in both positions but the sample in the vertical position is more efficient; indeed, after 2 h of water
collection, the 45◦ tilt sample allows collection of 9 µg·mm−2

·min−1 while the vertical sample collects
13 µg·mm−2

·min−1. Furthermore, in the case of the tilt sample, two different stages of water collection
can be identified: the first one from the beginning until it reaches a maximum at 30 min and then
remains flat until 60 min of fog test; here, it can be seen that 45◦ collection rate is higher than the rate of
90◦ sample (before 40 min); this difference is because at 45◦ water droplets are slightly retained, which
tends to increase their volume and increase the amount of collected water. After this, the second stage
behaves in a similar way: water collection rate increases until 90 min and then remains constant until



Coatings 2020, 10, 314 14 of 19

120 min of fog exposure. This specific behavior is caused by the tilt angle: initially water is collected at
a proportional rate for the first 30 min. After that, collection rate remains constant, which indicates a
decrease of water collected mass until 60 min of fog exposure. Then, this behavior is repeated with an
increase of collected water. In contrast, for the vertically aligned sample, in the first minutes under fog
conditions, less quantity of water than in case of tilted sample is collected. Regardless of this difference,
collection rate of a vertical sample exceeds the tilted one after 40 min, which indicates that the mass of
collected water has increased. Moreover, it can be seen that the amount of collected water increases
linearly and constantly during all the experiment.
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Figure 15 depicts coated samples at the beginning of experiment and water droplet condensation
after 30 min and 45 min of fog exposure and at the two different tilt angles (90◦ images at the top row
and 45◦ images at the bottom raw). At 30 min of exposure, water droplets tend to adhere onto the
superhydrophobic surfaces and reach an average size of 160 ± 40 µm for both tilt samples. At 45 min
of water-harvesting, the size of water droplets at the sample tilted vertically is 286 ± 60 µm and that
for 45◦ is 300 ± 80 µm. Water droplets of the vertically aligned sample (90◦) coalesce first, then they
increase their size until their diameter (286 ± 60 µm) is exceeded and when they achieve the critical
diameter (3.0 ± 0.5 mm), they roll down the surface. Consequently, water droplets leave the surface by
gravity and they do it continuously.

As seen in Figure 15, water droplets are adhered to coated surfaces in the initial steps of water
collection. It is important to take into account that under fog conditions, water droplet velocity that
is increased by the pressure of airstream of fog producer causes them to flatten due to the impact
presenting a morphology that can be described as a spherical cap [58]. In fact, water droplets are
adhered in planar surfaces until they reach a size of 2.7 mm (according to our result of 3.0 ± 0.5 mm);
at this point, by coalescence, the droplets roll off due to the gravity force along the surface [15,59].
In contrast, as the water droplets increase their size, they tend to evaporate, and the water-harvesting
efficiency of surfaces significantly decreases. In this experiment, it was found that water droplet
diameter at sample tilt 90◦ is 89% less than that of the maximum size previously mentioned. Thus,
this lower size prevents evaporation of water droplets formed onto the coated surface during the
water-harvesting process.
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Figure 15. Condensation of water droplets on to superhydrophobic coating. The top images correspond
to a tilt of 90◦ while the bottom images are from the sample tilt 45◦. All the images have the
same magnification.

Having shown the capability of water-harvesting from fog in the case of superhydrophobic
surface tilt 90◦, its behavior is discussed considering the surface morphology as well as the hierarchical
structure of the as-prepared surface. As described previously, the surface is formed by vertically
aligned microarrays with a non-linear cone shape that are combined with flower-like structures leading
to a hierarchical structure through the whole surface. Water droplet dynamics is governed by Laplace
pressure [60]. In a non-linear cone shape, average Laplace pressure will decrease inside the water
droplet, which leads to increase its pressure gradient from the tip to the base of the non-linear cone
and the water droplet will move away from the tip on a conical surface [61–63]. Then, the gravitational
effect increases and improves water collection from fog.

Apart from the key role of microarrays, it is necessary to consider water-harvesting from the
hierarchical structure point of view. On one hand, the flower-like structure, i.e., the micro-scale
contribution to the system, presents a diameter of 17.5 ± 3.4 µm. On the other hand, the closed packed
nanoarrays from the flower-like structure have a thickness of 32.8 ± 2.9 nm. Actually, flower-like
structure morphology behaves as a bump feature that maximizes the vapor-phase diffusion on the
apex and water droplet condensation increases onto the surface [15,64]. Simultaneously, the close
packed nanoarrays of the structure enable the rapid roll-off of the condensed water droplets from the
surface [15].

At this point, when water droplets from fog impact the superhydrophobic surface during the
first stages they are adhered since the impact of fog fill the air pockets of the surface. Hence, the
Wenzel state responsible for water droplet adhesion is created. Despite that fact, as the impact of fog is
continuous, water droplets continuously increase the volume enhanced by coalescence of neighboring
droplets until a critical diameter is exceeded. Here, as the cap of water droplets is continuously growing
because of fog, their morphology changes to a quasi-spherical morphology. This is caused by low
adhesive energy of superhydrophobic surface combined with high surface roughness that results in
water droplets being easily detached and rolled off. Thus, this behavior leads to a different wetting
state assigned to the Cassie regime. This transition from Wenzel state to Cassie state is governed by
roughness and the energy of the system related to the position of liquid–vapor interface [65]. Indeed,
the more roughness the surface and higher contact angle, the more possible is this transition between
both stable states, and because of higher roughness, Cassie state is more favorable in energetic terms.
Additionally, the relationship between transition energy and the height of the liquid–vapor interface
depends on the nanostructure and the micro-scale features where the latter gives rise to Wenzel–Cassie
transition and the former allows the opposite transition. Here, it is shown that water droplets easily
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detach from the superhydrophobic surface and cause the Wenzel–Cassie transition, which indicates
that micro-scale features define this phenomenon, leading to an attractive Cassie state that promotes
water repellency and improves water droplet detachment and consequently their roll-off.

4. Conclusions

Herein, we present an innovative sustainable surface prepared onto UNS A91070 aluminum
substrate showing WCA = 155◦, SA = 5◦ and a CAH = 1◦, which makes it suitable as superhydrophobic
surface. Based on magnesium laurate (Mg(C11H20COO)2) this compound contributes to decreasing
the surface tension of the surface and together with its lamellar structure, traps the air in the pockets
through the whole surface. Moreover, the as-prepared surface is highly robust under SiC abrasive paper
test where WCA is kept higher than 150◦ after every abrasive cycle because of its bulk homogeneity
composition, showing self-cleaning properties, as well. In addition, its resistance against UV light
is shown, retaining its superhydrophobic properties after 300 min of exposure. The combination of
the vertically aligned microarrays in a non-linear cone shape and the intrinsic hierarchical structure
of the superhydrophobic surface makes it a very convenient system for water collection in a vertical
sample position. This innovative superhydrophobic surface opens a new scope with great potential for
water-harvesting based on sustainable reactants that provide a focus on solving worldwide problems
of human water consumption.
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