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Abstract: Hydrophobic porous metallic membranes can be integrated in a microreactor for in situ
separation of steam at high temperatures. This study investigates the fabrication and characterization
of hydrophobic coatings on metallic substrates. Two different coating methods were explored: (1)
Plasma Enhanced—Chemical Vapor Deposition (PE-CVD) to form amorphous carbon silicon-doped
a-C:H:Si:O thin films and (2) Direct Immersion in fluoroalkyl silane (FAS-13) solution using dip
coating to form Self-Assembled Monolayers. The results on wettability as well as SEM images and
EDS/WDS analyses indicate that the coated sintered stainless steel membranes are adequate as
hydrophobic surfaces, maintaining the porosity of the substrate and withstanding high temperatures.
Especially the FAS-13 coating shows very good resistance to temperatures higher than 250 ◦C. These
findings are of special significance for the fabrication of porous metal membranes for separation of
steam in high temperature applications.

Keywords: porous metal membrane; hydrophobic; plasma enhanced—chemical vapor deposition;
amorphous carbon layer; dip coating; FAS; high temperatures; stainless steel

1. Introduction

Process intensification in microstructured devices can be pursued by combining in
situ two unit operations: chemical reaction and separation. For instance, the equilibrium of
certain polycondensation reactions, for example, producing branched polysaccharides, can
be displaced towards a higher yield when the by-product (in this case, water) is removed
through a membrane. The membrane should be hydrophobic to block the passage of the
target product (aqueous reactive solution) while allowing water in vapor state to enter the
pores. This specific polycondensation reaction, when performed in a microreactor with
short and well defined residence time, needs rather high temperatures (230–250 ◦C) for
obtaining high yield and selectivity. Such high temperatures imply several challenges for
the membrane, like the adequacy of the material for the reaction conditions and suitable
surface properties to prevent the reaction product from entering the pores [1].

Stainless steel (SS) porous membranes exhibit high thermal resistance but also a high
surface energy (that is, hydrophilic behavior), which facilitates the wetting of the pores.
Hydrophobic membranes are commonly prepared by increasing the surface roughness
and/or by chemical modification [1,2]. Surface roughness may either lead to the so-called
Wenzel or Cassie–Baxter wettability state (see Figure 1), which reflects a modification of
the contact angle in comparison to a perfectly flat surface [3]. In the Wenzel state [4], the
wetting liquid penetrates the roughness grooves or pores. For pore geometries where gas is
trapped, that is, the Cassie–Baxter state [5], the contact area between the liquid and the solid
surface is reduced, thus leading to an enhancement of the contact angle. An intermediate
state, where the liquid partially wets the surface is also commonly encountered [6].
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Figure 1. Wettability states in flat and rough (porous) substrates.

The chemical modification of metallic surfaces to render them hydrophobic has been
investigated using different methods like the sol-gel method [7,8], direct immersion in a
reactive hydrophobic solution [9], electrodeposition [10], thermal plasma evaporation [11],
and Plasma Enhanced—Chemical Vapor Deposition (PE-CVD) [12].

Organosilicon compounds can be grafted into hydrophilic surfaces employing PE-
CVD to form hydrophobic thin films on various substrates [13]. Amorphous carbon layers
(a-C:H) are also known as Diamond-like-carbon (DLC) layers due to the high amount of
sp3 hybridized C atoms which gives them diamond-like properties [14]. These layers can
be doped using Si and O (a-C:H:Si:O) to produce highly hydrophobic coatings [15–20] by
incorporating organosiloxane compounds like hexamethyldisiloxane (HMDSO) as a liquid
precursor in the PE-CVD process [12,13]. Only a small amount of solvent is needed, and
heat is required to vaporize the organosiloxane compound [21].

In contrast to CVD grafting, immersion grafting is a wet method. The membrane is
immersed directly into a reactive organosilane liquid solution [1], for example, a fluoroalkyl
silane (FAS). This reactive solution is previously prepared by hydrolyzing the organosilane
compound in solvents such as water or alcohol [22]. When the substrate is immersed in
the FAS solution, the FAS molecules are chemisorbed on the hydrophobic surfaces [1].
This coating method often results in highly organized needle structures, also known as
Self-Assembled Monolayers (SAM) [23].

The applicability of hydrophobic coatings on porous substrates such as hydrophobic
membranes can be evaluated by the characterization of the Liquid Entry Pressure. The
Liquid Entry Pressure (LEP) is defined as the minimum pressure that can be applied before
a liquid penetrates the pores of a dry membrane [19]. It depends on the surface tension
of the wetting liquid, the contact angle, and the pore size and geometry of the membrane
itself. For a given porous substrate with a given pore size distribution, the higher the
hydrophobicity of the surface is, the higher the Liquid Entry Pressure will be. Thus, if the
LEP is not exceeded, the membrane shows resistance to pore flooding and steam separation
can still take place. As soon as the LEP is exceeded, pores get increasingly flooded, the
water vapor transport rate gets reduced, and a liquid flow arises [24].

The application of hydrophobic membranes fabricated by the two above mentioned
coating techniques were focused on ambient or moderate temperatures [12,25]. With a view
to the application envisaged, there is a need to characterize these hydrophobic coatings for
their performance in separation tasks at elevated temperatures. Thus, in the present work
(see Figure 2) we report the fabrication of high-temperature-resistant hydrophobic coatings
on porous metal substrates by: (1) Plasma-Enhanced Chemical Vapor Deposition of silicon
doped DLC thin films (a-C:H:Si:O, also known as Si-DLC); and, alternatively, by: (2) Direct
immersion in a Fluoroalkylsilane compound (FAS) to form Self-Assembled Monolayers
(SAMs).
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Figure 2. Schematic overview of the processes applied in this study.

The hydrophobic coatings were characterized qualitatively and quantitatively with
respect to hydrophobicity, homogeneity, resistance to elevated temperatures, and Liquid
Entry Pressure.

2. Materials and Methods
2.1. Materials

To better characterize the coating itself and to avoid the influence of the substrate
surface characteristics on the coatings, the coating was first investigated on flat surfaces,
that is, silicon wafers <100> (Siegert Wafer GmbH) and flat stainless steel (SS) flat plates,
see Figure 3a. Figure 3b–d shows a SEM image of the cross-section of the stainless steel
substrates. The total thickness of the substrates is given in Table 1.

Table 1. Metallic substrates used in this study.

Substrate Material Structure Total Thickness

Silicon (wafer) flat 0.5 mm
Stainless steel flat 0.3 mm
Stainless steel porous (52%) 1 2 mm
Stainless steel porous (40%) 2 2 mm
Stainless steel Fine porous 3 3 mm

1 Sika R-100 (52% porosity), 2 Sika R-15 (40% porosity), 3 Sika R-AS.

The coatings were investigated further on porous sintered stainless steel substrates
(GKN Sinter Metals Filters GmbH) with different porosities. The fine porous substrate
(Figure 3d) is an asymmetric porous metal membrane and is the result of two consecutive
sintering processes with different metal powder particle sizes. This results in a 140–170 µm
thick top layer of sintered fine metal powder. For investigation of the coating characteristics,
a standard size of 10 × 20 mm for all substrates was used.

The gases employed in the PE-CVD coating process were argon (99.9999%, Alpha
Gaz by Air Liquide), hydrogen (99.9999%, Alpha Gaz by Air Liquide), oxygen (99.998%,
Alpha Gaz by Air Liquide), nitrogen (99.9999%, Alpha Gaz by Air Liquide) and methane
(4.5 purity > 99.995%, Basi Schöberl). HMDSO (Assay GC area% > 98.5, Merck KGaA) is
obtained as a liquid but is used in a gaseous state in the system.
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Figure 3. Overview of the used substrates: (a) silicon and stainless steel (SS) flat substrates; (b) 52%
porous SS substrate; (c) 40% porous SS substrate; and (d) fine porous multilayer SS substrate.

The chemicals used for direct immersion in FAS were 1H,1H,2H,2H-Perfluorooctyl-
triethoxysilane (FAS-13) (98%, Sigma Aldrich), Ethanol (99.9%, Merck KGaA), HCl (32%,
Merck KGaA), and deionized water.

In addition, acetone (99.7%, Carl Roth GmbH), isopropanol (99.5% Carl Roth GmbH),
and deionized water were used for pre-processing (cleaning) of the substrates.

2.2. Coating Methods

Two different coating methods were applied for grafting to modify the chemistry of
the metallic surfaces and render them hydrophobic:

• Plasma-Enhanced Chemical Vapor Deposition (PE-CVD) of thin films. Amorphous diamond-
like carbon (DLC) thin film layers doped with silicon and oxygen (a-C:H:Si:O) were
deposited using a combined PVD/PECVD System (STARON 60-60, PT&B Silcor) at
180 ◦C and 1.5 Pa chamber pressure operated with a radiofrequency power of the
plasma source of 100 W. To fabricate the a-C:H:Si:O coating [12], HMDSO (4 Ncm3/min),
argon (40 Ncm3/min), and methane (150 Ncm3/min) were used as precursors. To
obtain a homogeneous coating thickness [12], the samples were rotated during coating
with 4 rpm rotating speed. The coating duration was 1 h.

• Direct immersion in FAS solution. The direct immersion of the substrates was per-
formed by dip coating (dip coater with motorized actuator—AZ Series, Software
MEXE02) in FAS-13 solution. The solution was prepared in ethanol (absolute) with
1.66 wt.% FAS-13 and 1.66 wt.% HCl (32%)—hydrolyzed by the addition of a threefold
molar excess of water at room temperature. The solution was stirred for 5 h and
held for 24 h at ambient temperature before being used for coating. The substrates
were completely immersed in the FAS solution using the dip coater technique with
3 mm/min withdrawal speed and 30 s coating immersion time at room temperature.
The grafted membranes were then dried for 2 h at 70 ◦C in a drying chamber (Series
KMF, Binder GmbH). Afterwards, the samples were transferred to a muffle furnace
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(Heraeus Thermo Scientific, Waltham, MA USA), heated from room temperature up
to 200 ◦C with a heating rate of 0.5 ◦C/min, and kept at 200 ◦C for 6 h.

• Pre-processing: The metal substrates were cleaned in an ultrasonic bath (Elba X-tra
70H) in the presence of acetone, isopropanol, and water successively for 30 min
respectively [9] and finally dried in a drying chamber (Series KMF, Binder GmbH) at
70 ◦C during 5 min. In the case of the FAS modification of the SS samples, they were
immersed in a pickling solution consisting of 1:1 in volume dilution of the commercial
HCl in water for 5 min at room temperature, washed with deionized water, and blown
dry [9].

2.3. Characterization
2.3.1. Coating Characteristics

The coatings were characterized by optical profilometry (SensoFar S neox, Sensofar-
Tech). The coatings were also investigated using Scanning Electron Microscopy (SEM) and
Electron Probe Microanalysis (EPMA) with a Field Emission Electron Probe Microanalyzer
(JXA-8530F, JEOL Ltd.). For cross-sectional SEM characterization, samples were embedded
in epoxy resin, ground, polished, and finally sputtered with a conductive layer of platinum
to avoid charging. The presence of certain elements in the layer was determined qualita-
tively by Energy-dispersive spectroscopy (EDS) and Wavelength-dispersive spectroscopy
(WDS).

2.3.2. Contact Angle

The contact angle (CA) formed by sessile drops of deionized water was measured
at ambient conditions with a contact angle goniometer (OCA 5, Data physics) before and
after the coating according to the standards [26], to evaluate the impact of the coating’s
hydrophobicity.

2.3.3. Thermal Stability

The heating of the coated samples for endurance tests at high temperature was per-
formed in the muffle furnace (Heraeus Thermo Scientific, Waltham, MA USA) for different
holding times and a common heating rate of 2 ◦C/min.

2.3.4. Liquid Entry Pressure

To characterize the applicability of the coated membranes as hydrophobic membranes,
Liquid Entry Pressure (LEP) tests were performed. Visual detection was used to determine
at which pressure the first drop arose in the membrane backside. For the tests, a setup
according to [12] was used. Here, a manual screw pump was used to step-wise pump
deionized water in the Poly(methyl methacrylate) test cell where the 20 × 10 mm-coated
substrate was clamped in dead end mode. The pressure was increased 0.1 bar each time
and held for 30 s. The pressure at which a water droplet was visible through a USB digital
microscope on the backside of the membrane was recorded using a pressure transmitter.

3. Results and Discussion
3.1. Coating Characteristics

The coating thickness, morphology, and quality of the surface were analyzed by
Scanning Electron Microscopy and profilometry. The right side of each sample was covered
with Kapton® tape before coating to compare the surface of the coated and uncoated
material after completion of the surface modification process:

• Silicon Doped DLC (PE-CVD)

Figure 4 shows the top view of the Si-DLC coatings on a silicon wafer (a), the SS
plate (b), and the SS porous substrate (c,d). A homogeneous coating can be observed.
Profilometry of the coatings reveals an average thickness of 440 nm for a 1-h coating. The
PE-CVD Si-DLC coated surfaces show thin homogeneous films without defects or cracks.
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Figure 4. Top view of the coatings on different substrates (left hand side: coated; right hand side:
uncoated. (a) Si-DLC on silicon substrate—optical profilometry 10×; (b) Si-DLC on SS-flat substrate—
optical profilometry 10×; (c) Si-DLC on SS-40% porous substrate-SEM; (d) Si-DLC on SS-52% porous
substrate-SEM.

For a better visual representation, Figure 5 shows the cross-section of the Si-DLC
coatings on (a) a silicon wafer and (b) a fine porous SS substrate; both for a coating process
of 3 h, with an average thickness of 1.4 µm. It can be seen that the inner side of the pores
close to the external surface of the sample get coated and that the pores get narrower, which
both should prevent the entrance of water into the pores. Figure 5 also reveals that the
coating does not block the pores (see white arrows), which shall allow the permeation of
steam.

Figure 5. SEM Image of the cross-section of the Si-DLC coating on (a) a flat silicon substrate and (b) a
fine porous SS substrate.

The presence of C, O, and Si according to the EDS results (Table S1 and Figure S1)
confirms the development of a homogeneous layer on the metallic substrates.

• FAS Self-Assembled Monolayer (Dip Coating)
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Figure 6 shows the top view of the FAS coating on a silicon wafer (a) and a SS flat plate
(b,c). In Figure 6a, it can be observed that the FAS coating is transparent. All SS substrates
were pickled with HCl before the immersion in the FAS solution, which enhanced the final
contact angle. HCl pickling [27]—removal of most external layers (surface contamination
and iron layer)—has a great effect on the fabrication of hydrophobic coatings, by increasing
the polar component of the surface energy and nano roughness [8]. This effect can be seen
in the cavities between the grains in Figure 6b, and with greater detail in Figure 6c. As
already mentioned, the coating was transparent. However, it can be seen in Figure 6b that
the coated part of the substrate has a darker color, as the emission of secondary electrons
differs where the coating layer is present.

Figure 6. Top view of the coatings on different substrates (left-hand side: coated; right-hand side:
uncoated. (a) FAS on silicon substrate—optical profilometry 10×; (b) FAS on SS-flat substrate—SEM;
(c) detail of the coated part on the SS-flat substrate: Effect of pickling pre-processing can be seen in
the grain boundaries (white arrows).

No profilometric measurements were possible due to the coating transparency as well
as the low thickness. The cross-sectional images performed by SEM did not show any layer.
However, EDS and WDS analysis of the top side (Table S2 and Figures S1 and S2) confirmed
the presence of C, F, and Si all over the surface, which indicated the development of the
hydrophobic layer on the metallic substrate.

Figure 7 shows a SEM picture of the coating on a silicon substrate, which reveals a
spot-wise agglomeration. EDS analyses revealed a higher concentration of the coating
elements in the spots. No cracks were visible on the surface. The agglomeration (dots in
Figure 7) might be a consequence of the polycondensation reaction among the reactive
organosilane molecules, which leads to the formation of uneven thickness [1].
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Figure 7. SEM Image of the top view of the FAS coating on a silicon substrate.

In both cases, Si-DLC and FAS coatings, high adhesion, and mechanical robustness
could be observed.

3.2. Contact Angle

The hydrophobic behavior of the resulting surface on the different substrates was
characterized using contact angle measurements with deionized water. The results obtained
are reported in Figure 8. The right and left contact angles of at least three droplets were
measured for each substrate sample. The contact angle results shown in Figure 8 represent
the average contact angle of at least 10 samples.

Figure 8. The average contact angle for the different substrates: before coating (grey), after Si-DLC
coating (orange) and after FAS coating (green).

The low contact angle of the uncoated substrates is a consequence of the highly
hydrophilic nature of the metallic surface, as a result of the high density of the –OH groups
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(natural oxide layer) on the surface. Silicon wafers display a surface with the highest surface
energy, and therefore lowest contact angle (57◦ ± 7◦) due to not only the presence of a
natural oxide layer but also the polished finish of the surface. The contact angle measured
before the coating process increases from the flat substrates to the porous substrates as the
surface roughness of the materials also does (Table S3 and Figures S9–S12), which may
follow the Cassie–Baxter state [5] behavior. However, further AFM studies of the surface
roughness would be needed to underpin this interpretation. The highest contact angles
were measured for the fine porous substrates (101◦ ± 8◦).

The a-C:H:Si:O coatings turned all the surfaces hydrophobic. The resulting contact
angle on the silicon substrate, (105◦ ± 2) is in agreement with literature data [12,15,19]. In
the case of stainless steel flat substrates, somewhat lower contact angles were achieved
(99◦ ± 2◦). However, higher contact angle values were obtained, as expected, for the porous
stainless steel substrates. In the case of the fine porous substrates, a value of 118◦ ± 3◦ was
detected.

In the case of the direct immersion in the FAS solution by dip-coating, even higher
contact angles were achieved. This is mainly due to the presence of the CF3 topmost group
in the chain when the fluoroalkyl chains are well assembled and vertically aligned [23].
The CF3 group displays a high hydrophobicity of 120◦ [28]. When the fluoroalkyl chains
are collapsed, the formation of disordered monolayers takes place and the CF2 is mainly
exposed [23]. In the case of the fine porous substrate, almost superhydrophobic surfaces
(CA 143◦ ± 5◦) were achieved. The direct immersion in the FAS solution appears to be a
very straightforward coating technique leading to improved contact angles in comparison
to the Si-DLC coatings. An insight of the hydrophobic behavior of water droplets on the
FAS coated fine porous stainless substrates can be taken from Figure 9.

Figure 9. Hydrophobic behavior of water droplets on FAS coated fine porous stainless steel substrates.

3.3. Thermal Stability

To characterize the effects of temperature on the hydrophobic coating surface, coated
samples were heated and held to different target temperatures for 2 h with a heating rate
of 2 ◦C/min. After cooling down to room temperature, the contact angle was measured.
The same sample was again heated and held at the next target temperature and cooled
down for contact angle characterization. Figure 10 shows the water contact angle values
after each heating test for the two different coatings on silicon substrates. It can be seen
how temperature leads to a degradation of the Si-DLC coating on the surface of the
samples. After heating at temperatures higher than 220◦ C, the hydrophobic behavior has
disappeared, showing a contact angle of 87◦ ± 1◦. In the case of the FAS coated silicon
wafer substrates, samples remained hydrophobic after a heating to 350 ◦C. However, a
certain degradation can be observed above 300 ◦C.
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Figure 10. Comparison of the thermal resistance of the different coatings on a silicon substrate.

Figure 11 shows the results of the same test for different substrates coated with the
FAS layer. It can be seen how the coatings on the SS samples lose their hydrophobicity
already at lower temperatures compared to the coatings on the silicon substrates, that is,
at temperatures higher than 275 ◦C. WDS analyses (Figures S3–S6) show the presence of
F in the coating after the last heating to 280 ◦C. Especially, the coated flat SS substrates
developed a blue heat tint on the surface, which is an indication of the growth of the
intermediate oxide layer [29–31] leading to an increase of the surface energy and therefore,
reduction of the contact angle. The contact angle on coated porous SS substrates decreased
with temperature, but did not reach hydrophilic values. In the case of the porous samples,
a growth of the oxide layer is also expected. However, the structured surface still maintains
a hydrophobic contact angle.

Figure 11. Results of the thermal resistance test for the FAS coating on different substrates.

To probe the adequacy of the coatings for their actual application, the coatings were
tested at the target temperature of 250 ◦C for 2 h. After each heating cycle, the contact angle
measurement was repeated to determine after how many cycles at constant temperature
the samples lose their hydrophobicity. As per Figure 12, it can be seen that the hydrophobic
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behavior of FAS coatings on silicon and porous SS substrates withstood at least 4 heating
cycles. WDS analyses on SS coated substrates (Figures S7 and S8) revealed that F is still
present in the layer. The decrease in contact angle may be again a consequence of the
growth of an oxide layer. In this case, the coating on the flat SS substrate degraded faster
than on the porous SS substrates.

Figure 12. Results of the thermal resistance test for the FAS coating on different substrates.

3.4. Liquid Entry Pressure

The FAS coatings showed higher contact angles and thermal resistance to elevated
temperatures in comparison to the Si-DLC coatings. Therefore, FAS coated porous sub-
strates were further characterized according to their Liquid Entry Pressure (LEP). The
average results are shown in Table 2.

Table 2. Measured LEP value on the FAS coated SS porous substrates.

Substrate Material LEP (bar g)

SS porous (52%) 0
SS porous (40%) 0
SS Fine porous 1.3 ± 0.05

The LEP is inversely proportional to the membrane pore size. Therefore, even if
hydrophobized and showing high contact angles in the order of 130◦, the large pores in the
porous (52%) and (40%) SS substrates enable a water breakthrough through the pores at
very low-pressure levels (almost no differential pressure). Porous substrates sintered from
finer particles reduce the pore size, resulting in an enhancement of the LEP. This value of
1.3 bar (g) indicates a certain flexibility for separation tests to be conducted. However, the
influence of higher temperatures on the LEP should also be taken into account. Not only
the effect of temperature on structural changes of the coating but also on the surface tension
of the wetting fluid should be considered. Higher temperatures involve the reduction of the
surface tension [32], causing therefore a further reduction of the LEP [33]. The membrane
reactor must be operated in a process window where the LEP of the membrane is not
exceeded.

4. Conclusions

When high-temperature conditions are required for a reaction to take place in a
membrane reactor, membrane materials are needed which tolerate these temperatures.
Metallic membranes are often more robust than ceramic membranes and can be joined
easier with other parts of the reactor, which brings advantages for the membrane reactor
development, in case, for instance, the pieces are welded in the reactor. The surface of
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metallic flat and porous substrates could be hydrophobized using PE-CVD of a Si-DLC
layer and alternatively by direct immersion in a FAS solution. The pore inner surface could
be coated and blocking of the pores could be avoided, as the SEM images revealed. The
FAS coated samples displayed a higher contact angle and a higher thermal resistance than
the Si-DLC coated samples. In this work, it has been shown for the first time that these
FAS coatings sustain temperatures up to 250 ◦C without loss of hydrophobic properties.
The Liquid Entry Pressure experimental results at ambient conditions indicated that FAS
coated fine porous stainless steel substrates have a chance to be applied as membranes for
steam separation. Further studies should characterize the coated membranes in terms of
Liquid Entry Pressure and permeability at the required operating conditions to prove their
suitability for continuous removal of steam at elevated temperatures.

Supplementary Materials: The following materials are available online at https://www.mdpi.com/
article/10.3390/pr9050809/s1, Table S1: Average EDS Results for the Si-DLC layer on a porous SS
substrate. Probe positions see Figure S1, Table S2: Exemplary EDS results for a FAS coated silicon
wafer (including substrate). Probe positions see Figure S1, Figure S1: Probe positions marked for
EDS analysis of (a) Si-DLC layer on a porous SS substrate; (b) FAS coated silicon wafer (including
substrate), Figure S2. WDS analysis of (a) uncoated silicon wafer, showing the absence of O and F (no
peaks); (b) FAS coated silicon wafer, showing the presence of Si, O, and F in the layer, corresponding
to Figure S1, Figure S3. WDS Analysis of the FAS coated silicon wafer after 350 ◦C heating stage,
corresponding to the sample in Figure S4, Figure S4. SEM picture of the FAS coated silicon wafer
after the 350 ◦C heating stage, Figure S5. WDS Analysis of the FAS coated flat SS substrate after
the 280 ◦C heating stage corresponding to the sample of Figure S6, still showing the presence of the
layer elements, Figure S6. SEM picture of the FAS coated flat SS substrate after the 280 ◦C heating
stage, Figure S7. WDS Analysis of the FAS coated flat SS substrate after 4 heating cycles at 250 ◦C
corresponding to the sample of Figure S8, showing the presence of the layer elements, Figure S8.
SEM picture of the FAS coated flat SS substrate after 4 heating cycles at 250 ◦C, Table S3. Average
3D surface texture parameters according to ISO 25178 [34], performed with confocal microscopy,
Figure S9. Exemplary surface height profile of the flat SS substrate (non-coated), Figure S10. Confocal
image of a flat SS substrate (non-coated) corresponding to the height profile in Figure S9, Figure S11.
Exemplary surface height profile of the fine porous SS substrate (non-coated), Figure S12. Confocal
image of a fine porous SS substrate (non-coated), corresponding to the height profile in Figure S11.
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