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Abstract: A simple two-stage chemical solution process is reported, to deposit a superhydrophobic
film on copper foams with a view to be employed in oil absorption or filtration procedures. The first
stage includes the growth of a silver layer to increase micro roughness and the second one evolves
the modification of the film using stearic acid. The whole process is time-saving, cost effective and
versatile. UV-Vis spectroscopy was employed to determine optimum deposition durations and detect
potential film detachments during the synthesis process. Scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) were used to examine the film structure and elemental analysis.
Surface functional groups were detected by Fourier transform infrared (FTIR) spectroscopy. An
adherent superhydrophobic silver coating was achieved under optimum deposition durations. A leaf-
like structural morphology appeared from silver deposition and spherical, microflower morphologies
stemmed from the stearic acid deposition. The influence of process conditions on wettability and
the obtained silver film morphology and topography were clarified. Thermal stability at several
temperatures along with chemical stability for acidic and alkaline environments were examined. Oil
absorption capacity and separation efficiency were also evaluated for the optimum superhydrophobic
copper foams. The results showed that the produced superhydrophobic copper foams can potentially
be used to oil/water separation applications.

Keywords: superhydrophobicity; copper foam; durability; stability; nanostructure

1. Introduction

Industrialization and economic development have caused an increase in water pol-
lution such as oil spills, oily wastewater discharge and oil diffusion during drilling. Tra-
ditional methods and technologies are utilized to separate oil from water, including ad-
sorption, degradation, oil skimmers, coalescence, flocculation, flotation gravity separation,
centrifuge, sedimentation and hydrocyclone separation [1-4]. These methods are time-
consuming, energy intensive, low efficiency and suffer from high operation cost. It is
crucial to develop a facile, cost-effective and time-saving method for oil/water separation
applications. Superhydrophobic surfaces are bioinspired (e.g., from lotus leaf, shark skin,
strider leg) and their wettability was evaluated using static water contact angle (WCA)
measurements [5-7].

In the last decades, metal foams have attracted the interest of the scientific community.
Many research works focused on methods and processes of developing superhydrophobic
surfaces on metallic foams to examine their special characteristics and related applications
fields. Potential application fields are related with the high repellency of the water such
as anti-icing, anti-fogging, anti-corrosion and self-cleaning surface technologies [8-18].
Superhydrophobic surfaces production mainly includes two important approaches: to
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increase the substrate’s micro/nano roughness and to decrease surface energy [19-22].
Notwithstanding, the various methods of growing superhydrophobic surfaces reported
in the literature, durability of the hydrophobic films still remains a challenge. Numerous
production techniques reported in the literature suffer certain drawbacks, such as multiple
and complex stages, highly cost materials and equipment, or time consuming processes.

Nickel foams coated with ZnO@Co30, hierarchical structure showed excellent abra-
sion resistance, chemical stability and high oil/water separation efficiency [23]. Modified
nickel foams with a mixture of polytetratluoroethylene (PTFE) and hydrophobic fumed
silica exhibited a WCA of 155° and high separation efficiency above 96% for the more
viscous olive oil/water mixture and above 99% for the hexane/water mixture [24]. Hy-
drophobic aluminum foams were developed via immersion in NaOH solution and in an
ethanolic solution of dodecanoic acid for 2 h. The achieved water contact angle was 122°
and separation efficiencies up to 94.91% [25]. Tang et al. [26] developed a superhydrophilic
membrane using tannic acid (TA), polyvinylpyrrolidone (PVP) and hydrophilic silicon diox-
ide particles (SiO;). TA solution was added into PVP solution dropwise and stirred strongly
for 2.5 h. After that, so as to form a gel, SiO, was added into the mixture. The colloidal
solution was poured into a filtration cell under a negative pressure of —0.09 MPa. This
process is long lasting and special conditions are needed. Zeng et al. [27] produced a novel
Janus sponge by modifying one side of a PA@PEI-sponge with PDMS. PA@PEI-sponge is a
superhydrophilic sponge and was prepared via synthesizing negatively-charged phytic
acid@polyethyleneimine (PA@PEI) nanoparticles and assembling them on the surface of
polydopamine (PDA) and PEI-modified polyurethane (PU) sponge through electrostatic
adsorption. This procedure has complex and multiple stages. A superhydrophobic Fe foam
was prepared by Liu et al. [28] via an immersion method with cupric chloride and stearic
acid plus a heat treatment in a furnace at 250 °C for 2 h and achieved WCA of 157°. A long
lasting and energy consuming method was used again in order to develop a hydrophobic
surface. Zhang et al. [29] developed coated copper meshes via an immersion in a mixed
alkaline solution with NaOH and (NH4)25,05. WCA of approximately 153° was achieved,
a value which is similar to previous ones.

Among metal foams, copper foams have attracted huge attention due to their large
specific area, high electrical, along with thermal, conductivity and ductility. Modification
methods of copper foam include sol-gel, plasma spray, spin coating and electrospinning,
techniques which suffer certain drawbacks, such as complexity, use of environmentally
harmful solvents, high energy consumption [12,14,17,30-32].

Xu et al. [33] produced superhydrophobic copper foams with a solution-immersion
process. Copper substrates were immersed in ethanolic stearic acid solution for 4 days
and achieved WCA was 156°. Wang et al. [34] fabricated superhydrophobic copper sheets
with template deposition method. After the preparation of polystyrene microspheres
powders, copper plate was put in polystyrene colloidal microspheres with CuSO4 solution
as an electrolyte. At the end of procedure, the surface was modified using fluorosilane
solution and the achieved WCA was 156.3°. The aforementioned long-lasting procedures
have complex and multiple stages. Bhagat and Gupta [35] developed micro-texturing
superhydrophobic silicon wafers by high power laser. These microstructures were thermally
replicated on a polycarbonate surface by putting them between two hot plates with different
temperatures. Maximum achieved WCA was 155°. In this procedure, there is use of high-
cost equipment and there is a need of high amounts of electric power. Copper metal foams
were transitioned from superhydrophilic to hydrophobic by Shirazy et al. [36]. They used a
hydrogen reduction process with a gas mixture of 7% hydrogen plus 93% nitrogen and a
heating process from room temperature (~20 °C) to 600 °C in 2 h, which was followed by a
2 h plateau at 600 °C. In this process, there is a use of high amounts of energy so as to reach
600 °C, and the use of gases, which are factors that increase the difficulty and the cost of
the process.

It is clear that there is a major interest for hydrophobic surfaces and a plethora of
research works focused on this field. The most challenging factor is to achieve a WCA higher
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than 160°. The majority of research works achieve WCAs between 150° and 155°. It was
crucial to combine the simplicity of the process with a WCA higher than the achieved values
of contact angles in the most studies. In this study, there are only two short-term stages.
Additionally, the need for limited amounts of the raw materials renders the production
process as cost effective. The achievement of a WCA of 180° is significant, combined with
the stability of the coating. Absorption spectra of the solutions were obtained, through
UV-Visible spectroscopy experiments. The use of UV-Vis spectroscopy was considered of
great importance, to ensure the optimum intervals of immersion and optimize the process
so as to achieve a WCA of 180°. Nitrate ions concentration was calculated by Lambert-
Beer law [37]. The proposed approach for preparing superhydrophobic copper foams
offers simplicity and, therefore, ease of commercialization with promising contribution in
treatment of oily wastewater.

2. Materials and Methods
2.1. Materials

Silver nitrate was purchased from Panreac (Barcelona, Spain) and stearic acid (C1gH3¢05)
was a product of Merck (Darmstadt, Germany). Copper metal foams, that were used
in this study, have a mean pore size of 1.6 mm, 93.6% porosity and are in the form of
10 cm x 10 cm x 0.3 cm sheets and were provided by Metafoam Technologies (Brossard,
Canada). Ethanol was purchased from Central-chem (Bratislava, Slovakia). Sodium hy-
droxide (NaOH) and hydrochloric acid (HCl), used in chemical stability tests, are products
of Honeywell (Seelze, Germany) and Panreac (Barcelona, Spain), respectively.

2.2. Preparation of Superhydrophobic Copper Foams

Copper foam sheets (15 mm X 15 mm x 2 mm) were ultrasonically cleaned with
acetone and anhydrous ethanol for 5 min, three times alternately. The process of growing a
superhydrophobic coating includes two stages as illustrated in Figure 1. The pretreated
copper foam sheets were immersed in a 20 mM silver nitrate (AgNO3) ethanolic solution
at 50 °C, to increase foams’ micro/nano-roughness and subsequently in a 15 mM stearic
acid ethanolic solution to reduce its surface-energy. This two-stage process was recurrent
for 20 and 30 min immersion times in silver nitrate solution and for 20, 30, 40, 50 and
60 min in stearic acid solution. Finally, the produced coated copper foams were washed
with deionized water and dried at room temperature. It should be mentioned that small
quantities of both chemical compounds were used. Specifically, 0.17 g of silver nitrate
and 0.21 g of stearic acid are sufficient quantities to coat four samples of copper foam
sheets. Therefore, the use of silver nitrate does induce a considerable cost increase in the
production process.

dge‘g‘ytkk‘g
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Figure 1. Schematic illustration of superhydrophobic copper foam production stages.

2.3. Characterization of Superhydrophobic Copper Foam

Static water contact angle (WCA) was used to evaluate surface wettability by em-
ploying 6 uL water droplets. UV-Vis spectroscopy experiments (using a UV-1800 spec-



Coatings 2023, 13, 355

40f16

trophotometer, Shimadzu, Tokyo, Japan) were conducted, aiming to take absorption spec-
tra of silver nitrate solution and optimize the duration of this immersion stage. Sam-
ples were taken at specific time intervals from the silver nitrate solutions. Scanning
electron microscopy (Phenom ProX desktop SEM, Thermo Fisher Scientific, Eindhoven,
The Netherlands) equipped with an energy dispersive spectrometer EDS was used to char-
acterize the microstructure and the phases developed in the produced superhydrophobic
films. Surface functional groups of the developed superhydrophobic film were evaluated
by Fourier transform infrared (FTIR) spectroscopy, with a Cary 670 spectroscope (Agilent
Technologies, Palo Alto, CA, USA), in attenuated total reflectance (ATR) mode, using a
diamond ATR device, model GladiATR (Pike Technologies, Madison, WI, USA). The spectra
were collected in the Mid-IR region, with 32 scans and a resolution of 4 cm~!. The chemical
stability of the superhydrophobic copper foam was identified by the effects of different
acids and alkali solutions with pH ranging from 1 to 13. More specifically, the superhy-
drophobic copper foam sheets (15 mm x 15 mm x 2 mm) were immersed in aqueous
solutions of HCl (10 wt%) and NaOH (10 wt%) for 1 h and 3 h, respectively. Thermal
stability was checked for —15 and 100 °C for 1, 3 and 24 h using a laboratory incubator
(CLIMACELL incubator, MMM Group, Munich, Germany). Each test was repeated at least
three times. Reduction of surface’s hydrophobicity after these treatments was measured
via WCA. Each WCA value came as a mean value of 3 measurements.
The absorption capacity was calculated through the Equation (1)

w1 — W
w1

)

where w is the weight of the foam before the absorption and w; is the weight of the foam
after the absorption.

The separation efficiency (s) is calculated as (My/M;) where M; is the weight of
water added before separation and M, is the weight of water collected in the filtrate tank
after separation.

3. Results and Discussion
3.1. Effect of Immersion Time

Immersion time in the process stages plays a vital role in foams’ modification. Surfaces’
micro-roughness and energy reduction are determining factors for developing hydrophobic
coatings on metal foams and they are directly linked to immersion time [38,39]. UV-Vis
spectroscopy was used to estimate the optimum immersion duration in the silver nitrate
solution. UV-Vis absorption spectra of silver nitrate solution were obtained at specific
time intervals so as to differentiate the precipitation of silver on copper metallic foam.
An indicative absorption spectrum (out of 23 in total) is shown in Figure 2a. The peak
at around 308 nm corresponds to the nitrate anions [40], while the peak at 224 nm to the
silver cations [41], which appeared from the dissolution of silver nitrate in ethanol. At the
highest peak, the absorptions are due to combination with the solvent (ethanol), so it is
more difficult to obtain clear results for increasing or decreasing of the Ag* concentration.
Thus, the absorption of nitrate ions was taken by regular sampling over a period of
30 min and its diagram is depicted in Figure 2b. The corresponding change in their
concentration is shown in Figure 2c. The concentration was calculated by the Lambert-Beer
law (Equation (2)), with a molecular absorption coefficient which was calculated from the
first sample (5.6 M~'cm~!), where both the absorption and the concentration of nitrate
ions were known.

A=oap*xbxc )

where A is the absorbance; o, is the molar attenuation coefficient or absorptivity of the attenu-
ating species; b is the optical path length in cm; ¢ is the concentration of the attenuating species.
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Figure 2. (a) Indicative UV-vis absorption spectrum, (b) nitrate ions” absorbance as a function of
time, (c) nitrate ions’ concentration as a function of time, (d) development of silver coating on the
copper foam substrate, () WCA measurements for different minutes of immersion time in AgNO3,
(f) WCA'’s measurements for 20 min and 30 min of immersion time in AgNOj solution as a function
of various immersion times in stearic acid solution.

The concentration of nitrate ions changes incrementally with time for the first 21 min
of precipitation. This increase is almost linear, as the experimental data fluctuate around
an average value, which is represented by the trend line (R? = 82). The increase in the
concentration of NO3 ™~ over time is justified by the fact that over time the metal foam is
coated with silver and, as a result, the amount of silver cations decreases and the amount
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of nitrates remains constant (since they do not participate in reaction), thus leading to
increasing the concentration of the latter, due to the maintenance of the volume of the
solution and due to the existence of stoichiometry. However, the nitrate concentration at
21 min decreased sharply (marked with red arrows in Figure 2b,c), which indicates that
there is a silver detachment from the surface of copper foam (from one point onwards),
which means that although the coating process still takes place, several layers of silver
(multilayer coating) must have been created on the surface of the copper. The trend line also
changes after 21 min, remaining almost linear, with different slope and with R? = 90). Silver
coating consists of successive layers, which indicates that at the outer layers, the adhesion
of the coating diminishes. Figure 2d depicts the development of Ag microstructure on
copper substrate. Leaf-like microstructural layers covered completely the surface of the
copper foam. However, the outer deposited layers on the leaf-like morphologies created
weaker bonds, especially in the time interval between 20 and 30 min, where they detach
easily. This was also attested by the WCA measurements (Figure 2e), where a superficial
detachment of the outer layers formation was observed in the water droplets. Thus, the
optimal precipitation time is considered to be 20 min due to the sharp reduction of the
nitrate ions concentration at 21 min, even though there is an increase after 21 min. UV-vis
spectra are of great importance, because they warrant and confirm that the immersion time
of 20 min in silver nitrate solution, leads to the highest absorbance and NO3; ™~ concentration,
thus leading to the optimum silver deposition time.

When immersion time in AgNOj3 solution was higher than 30 min, lack of adhesion
for the coating was observed, resulting in its degradation. The adhesion of the coating
was examined through dropping water droplets on the surface. In some cases (e.g., when
immersion time in AgNOj solution was 30 min), when a droplet rolled off the surface, it
drifted away part of the coating that was subsequently incorporated into the water droplet.
This observation led to the conclusion that there is a partial detachment of the coating
and lack of adhesion. WCA measurements were about 130° for various immersion time
intervals of 20, 30 and 40 min in stearic acid solution (Figure 2f), an indication that confirms
the previous observation.

UV-Vis spectroscopy could not be used for optimizing the immersion time in the
stearic acid solution since it absorbs in the IR and not in the ultraviolet-visible spectral
region. Figure 2f also depicts WCA for the optimum 20 min of immersion in silver nitrate
solution and for several immersion time intervals of 30, 40, 50 and 60 min in stearic acid
solution. The highest WCA was achieved for 20 min of immersion in silver nitrate solution
and for 50 min in stearic acid solution. WCA'’s measurements for 20 min of immersion
in silver nitrate solution and for 30, 40 and 60 min in stearic acid solution, was about
145°, respectively. WCA reached the optimum 180° when immersion time in silver nitrate
solution is 20 min and in stearic acid solution is 50 min. Therefore, the optimum immersion
duration in the stearic acid solution was set to 50 min.

To identify the chemical bonds of the system and confirm the presence of the stearic
acid, ATR-FTIR measurements were conducted for the superhydrophobic copper foam
sample prepared under the optimum conditions. Figure 3 shows the ATR-FTIR spectra of
stearic acid (solid) and stearic copper surface after modification, for comparative reasons.
The results exhibit the presence of stearate together with that of stearic acid because of
the C-H bands at 3000-2800 cm ™!, at 1698 cm ™! (-COOH) and at 720 cm ™! (-CH)) [42-45].
However, the emergence of a band at 1585 cm ™! indicates the formation of copper stearate.
The concurrent presence of silver stearate cannot be excluded, because of two bands of low
intensity (inset of Figure 3) at 1512 and 1420 cm ™!, which correspond to -COO™ asymmetric
and symmetric stretching, respectively.
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Figure 3. ATR-FTIR spectra of stearic acid and stearic copper surface after modification. The inset
presents the region of interest regarding the presence of silver stearate in the spectrum of stearic

copper surface.

Higher magnification SEM images of the modified copper foam prepared under opti-
mum conditions (shown in Figure 4) clearly revealed two different morphologies on the sur-
face. The leaf-like nanorods and highly branched dendrites correspond to Ag morphologies
(Figure 4a,b). These fractal-like structures are composed of many self-assembled polygonals
which were identified by EDS analyses as silver. In Figure 4a, a two-tier roughness is re-
vealed, on a larger scale, e.g., a micro-roughness stemming from the leaf morphologies and
anano-roughness (indicated by arrows) on the surface of these leaf /dendritic morphologies
as shown in Figure 4a. Similar leaf-like and dendritic morphologies are well documented
in literature [46,47]. The above results are in accordance with the literature which reports
that the formation of silver superhydrophobic nanocoatings follows a process of initial
reduction, nucleation, adsorption, growth, branching, and further growth [46-48]. Devel-
oped morphologies of the silver film depend on the Ag* reaction time and the strength of
the reducing agent(s) in the system. Leaf like morphologies are favored in low strength
reducing agent, which in our case is the copper foam substrate [48].

The spherical micro-clusters of flower-like morphologies correspond to copper stearate
nanostructures (Figure 4c). It was observed that the flower-like morphologies arise from the
copper substrate that was not fully covered with the Ag* ions in the previous production
step and are in the form of nanosheets that are entangled with each other (Figure 4c).

The acidic environment of the ethanolic stearic acid solution oxides the copper and
releases Cu?* ions which are then captured by the stearic acid and precipitate as copper
stearate, as confirmed by FTIR analysis, in the form of nanosheets. Possible occurring
reaction is shown in Equation (3) [49]:

Cu2+ + 2CH3(CH2)16COOH — Cu[CH3(CH2)16COO]2 +2H* (3)

Figure 5 depicts SEM images of hydrophobic coated copper foams produced at dif-
ferent immersion times in stearic acid solution. Figure 5a shows the morphology of the
initial copper foam substrate before the growth of silver coating, for reasons of compari-
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son. Figure 5b,c show the coating’s morphology for 20 min of immersion in silver nitrate
solution and 40 min in stearic acid solution. Fractal-structure morphologies of the film
are not developed completely. Few small sized stems, branches and leaf-like structures
are depicted. Figure 5d—f depict surface morphology of the optimum coated copper foam
which reacted in silver nitrate solution for 20 min and in stearic acid solution for 50 min.
Leaf-like and micro-flower structures are completely developed. It is clear that micro-nano
hierarchical dendritic structures and nanoribbons are fully developed, which is also consis-
tent with the WCA measurements that demonstrate a super-hydrophobic behavior of this
sample. Figure 5g—i depict the microstructure which corresponds to 20 min of immersion
in silver nitrate solution and 60 min of immersion in stearic acid solution. Spherical micro-
clusters of flower-like morphology prevail, which indicates the presence of copper stearate;
however, it seems that the silver leaf-like morphology was affected and was hardly visible
in SEM images. This is probably ascribed to the extending coverage of the copper substrate
with the flower-like copper stearate morphologies that either cover the original silver leaf
morphologies or destroy them during the stacking of the nanosheets of the copper stearate.
Similar behavior was observed in [49] where the copper stearate morphologies prevailed
over all other formed nanostructures when the immersion time was increased.

e

Figure 4. High magnification SEM images of the two different morphologies developed on the
superhydrophobic copper foam. (a,b) for the silver and (c) for the copper stearate.

3.2. Surface Wettability

Figure 6a—c depicts oil and water droplets on the copper foam’s surface. It is discernible
that water droplets have a spherical shape due to the formation of a continuous air gap
between water and superhydrophobic surface, leading to a non-wetting behavior (Cassie-
Baxter phenomenon). Oil droplets of the same volume permeated through the foam
indicating the surface’s oleophilicity [50].

To assess the superhydrophobic copper foam wettability, a dynamic rolling test was
performed without giving any inclination to the sample. The water droplets were im-
mediately rolling away from the copper foam surface as depicted in the Supplemen-
tary Video S1. The short contact time between water droplets and modified copper
foam confirms the surface’s high water resistivity [18,51]. Continuous needle flushing
test (Figure 6d-f and Supplementary Video S2) showed that the superhydrophobic copper
foam could resist considerable water flow without failure as indicated by WCA mea-
surements, where no decrease was observed. The coating remained intact without any
detachment. Maximum water flow was calculated to be 0.03 x 107 m3/s. The highest
velocity of the water was 0.75 m/s.

Figure 6g—i depicts a modified copper foam sheet (with a diameter of 15 mm) which
was placed into a beaker with water and engine oil droplets. The superhydrophobic copper
foam surface could easily absorb oil molecules due to its sticky force. The absorption
capacity amounted to 6 times the weight of the copper foam itself.
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3.3. Oil-Water Separation

To estimate the oil/water separation efficiency, the optimum superhydrophobic coated
copper foam (having the highest WCA) was chosen for all cases examined. A two section
rectangular small tank (Figure 7a) was employed. It was filled with 60 mL of water and 20
mL of various engine oils. Two-stroke engine oil (ENO1) has the lowest viscosity and car
engine oil 20W-50 (ENO3) is the thickest of the three.

TR
A
bl
%

/{« s -~ ’

V) A4

Figure 5. (a) Copper substrate. SEM images of hydrophobic films grown at: 20 min immersion time
in silver nitrate solution and (b,c) 40 min in stearic acid solution, (d—f) 50 min in stearic acid solution,
(g—i) 60 min in stearic acid solution.
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Figure 6. (a—c) Oil and water droplets, (d—f) continuous needle flushing test and (g—i) oil absorption
test using a superhydrophobic copper foam.

@ oil-water separation tank 5]
/ copper foam
oil
water

90 91 92 93 94 9596 9798
Separation efficiency (%)

Figure 7. (a) Oil/water separation process, (b) separation efficiency for different engine oils.

Separation efficiency of the superhydrophobic copper foams depends on the 0il’s
viscosity. Figure 7b shows separation efficiency of the coated samples for the three types of
oil. The highest separation efficiency was achieved with the ENO1. Overall, the modified
samples showed excellent separation efficiency above 95% in all tested cases.

3.4. Thermal and Chemical Stability

To assess the superhydrophobic copper foam durability under thermal loads, the
modified copper foam samples were placed into a laboratory incubator at 100 °C and
into a cooling chamber at —15 °C, for 1 h and 3 h. Figure 8a shows WCA measurements
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after these thermal treatments. In both temperatures, the WCA decreased but the foam
remained hydrophobic. In Figure 8b—d, the superhydrophobic coating’s morphology after
1hin —15 °C is depicted. The leaf-like morphology is partially disintegrated since the Ag
leaf-like structures seem to consolidate with each other and are joined together (Figure 8c)
or even destroyed leaving only the central nanoribbon of the leaf (Figure 8d), thus leading
to partial loss of the copper foam hydrophobicity.

laboratory incubator cooling chamber

Figure 8. (a) WCA measurements after thermal treatment in 100 °C and —15 °C. SEM images of
morphologies after thermal treatment (b—d) after 1 h in —15 °C, (e-g) after 1 h in 100 °C.

SEM images of modified copper foam morphology, Figure 8e-g, after 1 h residence
time in 100 °C revealed a degradation of the leaf-like structure for the Ag. In Figure 8g, the
destruction of the two-tier roughness is depicted whilst the copper stearic micro-clusters
seem to be slightly “melted” and consolidated with each other.

Superhydrophobic copper foam’s durability was also tested in acidic and alkaline so-
lutions. Samples were immersed into HCI and NaOH solutions, for 1 h and 3 h. The values
of WCA after chemical treatments are depicted in Figure 9a. SEM images of morpholo-
gies (Figure 9b) after 1 h in HCl solution reveal an aggregation of leaf-like and spherical
structures. Higher magnification SEM images reveal the fracture of the silver fractal mi-
crostructure. In Figure 9¢, the surfaces’ structure after 1 h residence time in NaOH solution
is depicted. A less extensive microstructural destruction was observed. Copper stearic
micro-flowers remained almost intact and the silver leaf-like morphology presented high
stability in alkaline pH values, thus a small alteration in the hydrophobicity was recorded.

It should be mentioned that the thermal and chemical stability of the modified copper
foam samples remain even when the samples are exposed for 24 h at —15 °C and 100 °C
and in NaOH and HCI solutions. More specifically, the WCA measured after 24 h of
immersion in NaOH and HCl solutions was retained, almost the same as with that obtained
after 3 h of immersion for each case tested, respectively. The same applies for the thermal
treatment, e.g., thermal treatment for 24 h, at both temperatures tested, does not provoke
any additional decrement of the WCA, but the value remains stable and the same as those
obtained for 3 h thermal treatment for each case tested, respectively. This extended exposure
duration of 24 h indicates that the modified copper foams present satisfactory thermal and
chemical stability.
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Figure 9. (a) WCA measurements after chemical treatment in acidic and alkaline solutions. SEM
images of morphologies after (b) after 1 h in HCl solution, (c) after 1 h in NaOH solution.

4. Discussion

It is well documented that surface roughness asperities can lead to enhanced superhy-
drophobic properties of materials [52]. Several models are proposed to explain the surface
roughness effect in the superhydrophobicity with the Wenzel and Cassie-Baxter being the
most popular. Additional states are reported such as the lotus state, where the roughness
asperities have also a nanostructured morphology [53].

The WCA of a non-modified copper foam ranges between 100° and 110°. However, this
value can be misleading because the initial copper foams do not present any hydrophobicity.
After 30 min, the 6 pL water droplets penetrate the foam (Figure 10a). This initial “apparent”
hydrophobicity of the unmodified foam is ascribed to the inherent roughness asperities
of the foam combined with the complex 3D pore structure of the foam (Figure 5a), which,
however, are not sufficient for long-lasting hydrophobic properties. Moreover, if the
unmodified copper foam is fully wet then the unmodified copper foam does not exhibit
any hydrophobicity. The water droplets immediately flow through the foam, in that case
(Figure 10a).

A high static contact angle along with low contact angle hysteresis and low sliding
angle are desirable for efficient water repellency of a surface. The wetting repellency
mechanism is schematically illustrated in Figure 10a,b for both pristine and modified
copper foam. The produced modified copper foam exhibits a WCA of 180° and a sliding
angle of 0° since the water droplet rolls immediately off the surface in horizontal position
of the sample (Figure 10a). This excellent performance of the modified copper foam was
attributed mainly to the extremely low contact area due to the complex and branched
nano-/micro-morphologies developed, giving rise to nano-roughness asperities (Figure 4).
The very fine developed nano- and micro-morphologies (either silver or copper stearate)
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on the modified copper foam, depicted in Figure 4, lead to weak interaction of the two-
tier roughness asperities with the water droplet and almost no sliding resistance. This
is ascribed to the very low contact area which can be considered as a point contact area
(Figure 10b), thus resulting to the highest WCA and lowest sliding angle. Additionally, the
developed roughness asperities of the modified copper foam are tightly packed, which is
reportedly favorable for water repellency, since this configuration could retain an interface
air layer when in contact with water [52]. One the other hand, the pristine copper foam
develops a higher contact area (face contact area in Figure 10b) which leads to a smaller
interface air layer when in contact with a water droplet and lower WCA.

E] Initial copper foam Modified copper foam

t=0min

Figure 10. (a) Schematic diagram of wetting repellency mechanism (b) illustration of contact areas
for a pristine (initial) and modified copper foam.

5. Conclusions

Superhydrophobic copper foams were successfully produced with a simple and ef-
fective method, based on chemical solutions. The optimum immersion durations were
determined via UV-Vis and WCA measurements to 20 min in silver nitrate solution and
50 min in stearic solution. Such samples appear to have a 180 °C WCA and a dual morphol-
ogy in their microstructure: a leaf-like one from the silver precipitation and microflowers
morphology from copper stearic deposition. WCA measurements combined with SEM
characterization demonstrated that the superhydrophobic copper foams possess high ther-
mal and chemical stability under the examined acidic, alkaline and temperature conditions.
Indicative oil absorption and separation tests of optimum produced superhydrophobic
copper foams were satisfactory, which confirms their potential use as filters for oil treat-
ment procedures.
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