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ABSTRACT: The term “aerophilic surface” is used to describe
superhydrophobic surfaces in the Cassie—Baxter wetting state that
can trap air underwater. To create aerophilic surfaces, it is essential
to achieve a synergy between a low surface energy coating and
substrate surface roughness. While a variety of techniques have
been established to create surface roughness, the development of
rapid, scalable, low-cost, waste-free, efficient, and substrate-
geometry-independent processes for depositing low surface energy
coatings remains a challenge. This study demonstrates that
fluorinated phosphate ester, with a surface tension as low as
1531 mN m™’, can form a self-assembled monolayer on metal
oxide substrates within seconds using a facile wet-chemical
approach. X-ray photoelectron spectroscopy was used to analyze
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the formed self-assembled monolayers. Using nanotubular morphology as a rough substrate, we demonstrate the rapid formation of a

superhydrophobic surface with a trapped air layer underwater.

B INTRODUCTION

Aerophilic surfaces constitute a special class of materials,
characterized by their ability to trap thin films of air
underwater, known as plastrons.'~* The premise of plastrons
is to minimize the contact of solid surfaces with surrounding
fluids. Gaining aerophilic surface capabilities to solid materials
would be beneficial in several areas, including biomedical
devices to reduce contact with blood,® and bacterial adhesion,’
but also providing thermal insulation to maintain body
temperature in cold waters.” In marine engineering,
aerophilicity prevents colonization by aquatic organisms,
corrosion of metals,®” and the damage of in-water and
underwater structures,lo to name but a few. Despite extensive
research in the field of superhydrophobic/aerophilic surfaces,
current achievements in this field are insufficient to meet
industrial requirements.'’ To emphasize - air plastron, trapped
on an engineered low-energy surface, is a defining feature that
enhances surface resilience to detrimental wetting-related
phenomena.

To create an aerophilic surface, two conditions should be
fulfilled: (i) design and fabrication of a solid surface with
hierarchical morphologies consisting of micro- and nano-
features, and (ii) low surface energy coatings that repel water.'”
Fulfilling these conditions results in high water contact angles,
typically greater than 150°, and low roll-off angles, typically less
than 5°."° During the past few decades, various approaches
have been developed to increase high surface roughness of
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solid materials, including mechanical, optical, chemical, and
electrochemical."*~'® The main chemical compounds used to
reduce surface energy are fluoropolymers, polyfluoroalkyls,
fluorosilanes and fluorinated alkanes, silicones, silane, siloxane,
and hydrocarbon-based compounds.'*'”'® While various
surface functionalization approaches have been established
and widely explored, the existing methods share several
common limitations such as complicated, time-consuming,
destructive, and expensive processes, which substantially
hinder the widespread use of superhydrophobic surfaces in
practical applications.'' Despite the variety of low surface
energy compounds and functionalization approaches, the
development of rapid, efficient, easily scalable, cost-effective,
and waste-free processes for the deposition of low-surface
energy coatings remains a challenge.

TiO, is an oxide that is capable of forming surface hydroxyls
as exposed to moisture. Typically, headgroups such as
chlorosilanes (R,SiCl,_,, n = 1, 2, 3), alkoxysilanes (R,Si-
(OR’),_,, n =1, 2, 3), and carboxylic acids are used to link the
solid surface to the organic and fluorinated tails. However,
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Figure 1. Schematic representation of binding kinetics on the TiO, nanotubular array substrates. (a) The water contact angle was measured on the
bare Ti substrate. (b) The water contact angle was measured on the as-formed TiO, nanotubular arrays. (c) Top-view SEM image of typical TiO,
NT arrays. Water contact angle after the functionalization with the fluorinated phosphate ester surfactant for (d) 30 min at 60 °C and (e) 1 min at

room temperature.

silanes are known to be capable of cross-linking by having at
least three leaving groups.”” Furthermore, silanes with the
capacity for cross-linking form self-assembled monolayers with
low surface coverage, suggesting island-like film growth.20
These factors render the process of reducing the energy of
solid surfaces complex, inefficient, and challenging to scale up.
At the same time, compounds based on phosphonic acid
headgroups, which are incapable of cross-linking, have been
shown to form highly ordered self-assembled monolayers with
high surface coverage, suggesting a uniform film growth
mechanism.'””° Nevertheless, phosphate-based compounds
have been less studied in the context of reducing the surface
energy of solid materials.

In this study, we demonstrate that a phosphate ester with a
mixed length of fluorinated alkyl chain surfactant (FS) forms a
self-assembled monolayer on metal oxide substrates within
seconds. When the rough TiO, nanotubular (NT) arrays were
immersed for only 1 s at room temperature in the ES solution,
cleaned, dried, and subsequently submerged in water, these
samples exhibited the trapping of an air layer. Furthermore, the
immersion of the NT arrays in the FS solution at room
temperature for periods exceeding 1 min results in the
formation of aerophilic surfaces in underwater environments.

B MATERIALS AND METHODS

Materials. Titanium foil with a thickness of 125 ym and a purity of
99.6% was purchased from Advent, Oxford, UK. Phosphate ester of
the mixed length of fluorinated alkyl chains surfactant ((CF;-
(CF,)5_o-(CH,),—0),-POOH, FS-100, hereafter abbreviated as FS)
was purchased from Chemguard, USA. Hydrofluoric acid, sodium
dihydrogen phosphate dihydrate, acetone, and ethanol were
purchased from Carl Roth, Germany. All chemicals were analytical-
grade reagents and were used as received. Deionized (DI) water (18.2
MQ - cm) was used in all experiments (ELGA, Purelab Ultra, UK).

Anodic TiO, Nanotubes. Titanium foil with a thickness of 0.125
mm and a purity of 99.6% (Advent, Oxford, UK) was used for the
anodization process. The substrates were ultrasonically cleaned in
acetone and ethanol for 10 min each. Subsequently, the anodization
was performed in an electrolyte consisting of 1 M NaH,PO, X 2H,0
and 0.125 M HF at an applied voltage of 20 V for 2 h. After
anodization, the samples were immersed in distilled water for 30 min
to remove residual chemicals, ultrasonicated in water for 10 min, and
then dried in a stream of N,.*'

Deposition of 80 nm Thick TiO, Films. The flat 80 nm think
TiO, layers were formed on Si wafer supports by reactive direct
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current magnetron sputtering (DC-MS, Createc, SP-P-US-6M-3Z)
method using a pure Ti (99.995%, HMW-Hauner GmbH & Co. KG)
as a sputtering target. First, a thin Ti interlayer was sputtered on clean
Si wafer substrates at 150 W DC power. Subsequently, 80 nm thick
TiO, was sputtered at S00 W DC power and 6.7 X 107> mbar
pressure under an Ar/O, (volume ratio 2:1) atmosphere controlled
by mass flow controllers (MFC, MKS Instruments, Inc.).

Surface Modification with Fluorinated Phosphate Ester.
The surfactant, phosphate ester with a mixed length of fluorinated
alkyl chains (FS-100, y = 15.31 + 0.33 mN m™"), (10 g) was dissolved
in 1 L of 95:5 vol % ethanol: H,O by ultrasonication and then kept in
a closed container under ambient conditions. The samples were
immersed in the surface modifier solution. A plastic cover to prevent
ethanol evaporation was used to seal the surfactant container. A
container containing the high surface roughness samples was placed in
a muffle furnace preheated to +60 °C for 30 min. The low surface
energy metallic substrates were then rapidly removed from the surface
modifier solution (a typical speed of removal is ~50 mm s™"), rinsed
with ethanol, and dried under a stream of N,. Alternatively, the
samples were immersed in the container of the surface modifier
solution for 1 s, 1 min, and S min at room temperature. The low
surface energy substrates were then rapidly removed from the surface
modifier solution, rinsed with ethanol, and dried under a stream of N,.

Physicochemical Characterization. The morphology of the flat
or the TiO, nanotube layers, reference (bare) was investigated by
field-emission scanning electron microscopy (FE-SEM, Hitachi
$4800). The nanotube layer was mechanically scratched to evaluate
the cross-section. The chemical composition of the flat or TiO,
nanotube layers, with or without the FS functionalization was
evaluated by X-ray photoelectron spectroscopy (XPS, PHI 5600, US).
The TiO, samples were mounted on the sample holder and
introduced into the ultrahigh vacuum chamber. Survey and high-
resolution scans were performed to obtain detailed spectra of the
core-level electrons, for the latter for C 1s, O 1s, Ti 2p, F 1s, and P 2p.
Note that the spectra were calibrated with the Ti 2p peak at 459.0 eV
and that peak fitting was performed in the Multipak software (version
9.9.0.19).

Surface Roughness. The roughness of the magnetron-sputtered
flat TiO, layers deposited on the Si wafer and rough NT arrays were
measured using confocal laser microscopy DCM 3D (Leica Inc,,
Germany) that combines confocal and interferometry technology
having resolution measurements down to 0.1 nm. The measurements
were performed using the x50 objective. The 201 slices were
measured with a step size of 0.2 um. The topography images were
then characterized by Gwyddion 2.65 software to calculate the
average (R,) roughness.

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy. A Cary 660 FTIR spectrometer (Agilent Technol-
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Figure 2. High-resolution SEM and 3D reconstruction of confocal laser microscopy images of (a—d) the anodized TiO, nanotube arrays and (e—

h) magnetron sputtered TiO, flat film on Si wafer.

ogies, Germany) was used in Single Point Reflection mode. FTIR
spectra were recorded in the range between 4000—400 cm™' with 16
scans and at a resolution of 2 cm™’. The free IR beam in the air was
measured immediately before the sample and used as background.
Contact Angle Goniometry. Water contact angle measurements
were performed at room temperature using a contact angle
goniometer (DSA2S, KRUSS, Germany). A S uL drop volume of
deionized water (DI, 18.2 MQ-cm) was dropped on the surface. The
drop profile image was captured by a camera and then analyzed by the
KRUSS ADVANCE program provided by KRUSS, employing the
sessile drop shape and Laplace—Young fitting method. The surface
free energy was estimated using the Owens—Wendt—Rabel—Kaelble
(OWRK) method with water and diiodomethane as the polar and
disperse fractions of the surface free energy.”> For CA hysteresis, the
drop volume of 30 L was increased and decreased at a rate of 0.4 uL
s™!, and a video was recorded. Fitting was performed using the Ellipse
method (Tangent-1) with KRUSS ADVANCE software. All values in
the text were averaged from at least three independent measurements.
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Air Plastron Measurements. Air plastron measurements were
performed by capturing digital images of the aerophilic TiO, NT
arrays immersed in a Petri dish filled with DI water at the grazing
angle. An optical microscope was used in reflectance mode to
determine the presence, shape, and surface coverage of the plastron.
The surface tension of the FS was measured by the pendant drop
method using a KRUSS DSA25 contact angle goniometer (KRUSS,
Germany).

B RESULTS AND DISCUSSION

A schematic depiction of the coating process is shown in
Figure 1. We used closely 3packed TiO, nanotubular arrays
(NTs) as rough substrates,”” while magnetron sputtered thin
flat TiO, films were used as control, especially to analyze the
self-assembled FS monolayers by X-ray photoelectron spec-
troscopy (XPS). The TiO, NTs were obtained by electro-
chemical anodization in an aqueous electrolyte, and their

https://doi.org/10.1021/acs.langmuir.4c04320
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morphology consisted of 100 nm tube diameter and 1.3 pm
tube length (Figure 2a—c). The average roughness (R,) was
determined by confocal laser microscopy and was found to be
of the order of 100 nm (Figure 2d).

To reduce the surface energy of metal oxide substrates, the
samples were immersed in a bath consisting of 1 wt % FS
dissolved in a 95:5 vol % ethanol/water solution (see the
chemical formula of FS in Figure 1, inset). The surface tension
of the FS solution was determined by goniometric measure-
ments using the pendant drop technique and was found to be y
= 1531 + 033 mN m™". Note that polyfluoroalkyl and
perfluoroalkyl substances are regulated due to their chemical
stability;24 therefore, to minimize waste of fluorinated
compounds, the FS solution was repeatedly used for over 5.5
years without any degradation in coating performance.

The bare Ti substrates exhibit hydrophilic surface character-
istics, as indicated by a water contact angle (WCA) of 78.8° +
1.8° (Figure la) and the surface free energy (SFE) of 44.4 +
1.3 mN m™". Notably, Ti is a high surface energy material that
rapidly forms a native oxide film (up to 10 nm thick) when
exposed to atmospheric air. This relatively high WCA is
attributed to airborne hydrophobic impurities, which is in
agreement with the literature.”>**™>” We have previously
developed a surface fluorination method, in which the solid
substrates are typically immersed in a FS solution for 30 min at
60 °C to form a FS self-assembled monolayer, and when
applied to rough substrates, the formation of aerophilic
surfaces has been observed underwater.>”'**® However, the
binding kinetics of the FS to metal oxide surfaces has not been
investigated.

After anodization, the TiO, NTs exhibit superhydrophilic
properties, with a WCA of approximately 0°, which is below
the detection limit of the goniometer (Figure 3a). Sub-
sequently, the anodized TiO, NT arrays were immersed in the
ES solution for 1 s, 1 min, and 5 min at room temperature
(RT), and for 30 min at 60 °C, which served as a control. The
samples were then thoroughly rinsed with ethanol and dried.
The WCA, contact angle hysteresis (CAH), and SFE were
determined for the fluorinated TiO, NTs and were found to be
124.3° + 15.4° (CAH = 50.2° + 5.0° SFE = 24.0 + 1.7 mN
m™'), 159.1° + 6.2° (CAH = 37.6° + 6.4°, SFE = 17.5 + 1.6
mN m™), 162.6° + 3.0° (CAH = 28.0° + 6.8°, SFE = 19.4 +
22 mN m™), and 161.5° + 3.2° (CAH = 33.5° + 7.8°, SFE =
152 + 148 mN m™!) for 1 s, 1, and 5 min at RT, and 30 min
at 60 °C, respectively (Figure 3b—e). The bare and fluorinated
TiO, NT samples were then immersed in water and images
were captured at a grazing angle and by optical reflectance
microscopy to detect the formation of plastron. As expected,
there is no air entrapment on the as-anodized TiO, NTs,
which are superhydrophilic (Figure 3fk). After 1 s immersion
at RT, a number of discrete air pockets were already observed
(Figure 3gl). The latter indicates that even after 1 s of
immersion in the FS solution at RT, a certain amount of FS
molecules is already attached chemically to the TiO, surface.
For longer immersion times, either at RT or at 60 °C, there is a
slight variation in the measured WCA and water affinity of the
fluorinated TiO, NT samples (Figure 3c—e, and Movie S1).
The presence of the FS on TiO, NTs was confirmed by
attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectroscopy analysis. The FTIR spectra within the
wavenumber range of 400—4000 cm ™" are presented in Figure
3p. The distinct peaks at 1150 and 1206 cm™" are indicative of
C—F stretching vibrations,””** while one at 1246 cm™ is
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Figure 3. (a—e) Water contact angle measured on the TiO,
nanotubular array substrates before (a) and after the immersion in
the FS solution for 1 s (b), 1 min (c), S min (d) at room temperature,
as well as 30 min at 60 °C (e). (f) Digital image of the TiO, NT
substrate immersed in water. (g—j) Digital images of the TiO, NT
substrates after the immersion in the FS solution for 1 s (1), 1 min
(m), S min (n) at room temperature, as well as 30 min at 60 °C (o).
The images were captured at a grazing angle, while the sample was
immersed in water. (k—o) Optical microscopy images of the TiO, NT
substrates before (k), and after the immersion in the FS solution for 1
s (1), 1 min (m), S min (n) at room temperature, as well as 30 min at
60 °C (o). The samples were immersed in water. (p) Fourier
transform infrared spectra of the bare TiO, NT arrays and after
immersion in the FS solution for 1 s, 1 min, and 5 min at RT, and 30
min at 60 °C.

attributed to P = O stretching vibrations of the FS.>" These
peaks are evident already after 1 min of immersion, while the
spectra of the samples coated for 5 min at RT, and 30 min at
60 °C are comparable. Moreover, a comparative analysis of the
CH, stretching vibrations reveals a notable shift in the peak
positions. Specifically, the peaks at 2848 and 2915 cm™" in the
bare TiO, NTs shift to 2849 and 2917 cm™ in the FS-coated
sample (Figure S1). This shift is indicative of the substitution
of airborne impurities with ordered FS monolayers.”” The
latter results may explain the presence of an air plastron
covering a significant part of the sample surface in all FS-
coated samples for more than 1 min, irrespective of the
deposition temperature (Figure 3h—j,m—o).

However, there are variations in the developed plastrons;
therefore, XPS was employed to study the binding kinetics of
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the FS on the flat and nanotubular TiO, surface together with
WCA measurements, for different immersion times in the FS
solution (see surveys in Figure S2). Selected high-resolution
XPS spectra are shown in Figure 4a—c for flat and Figure 4i—k
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Figure 4. (a—c) High-resolution XPS peaks of the FS-decorated
morphologies focusing on C 1s, F 1s, and P 1s, for the reference
(bare), 1 s, 1 min, S min, or 30 min* (the 30 min treatment was
performed at 60 °C) measured on flat TiO, layers. (d—h) The water
contact angle was measured on flat TiO, layers for the reference
(bare), 1 s, 1 min, S min, or 30 min* (the 30 min treatment was
performed at 60 °C). (i—k) High-resolution XPS peaks of the FS-
decorated morphologies focusing on C 1s, F 1s, and P 1s, for the
reference (bare), 1's, 1 min, S min, or 30 min* (the 30 min treatment
was performed at 60 °C) measured on the TiO, NT arrays. (1)
Overview of the F/Ti and P/Ti ratios, as obtained from the XPS
chemical composition data. (m, n) Peak fitting of the C 1s and F 1s
peaks for the flat and NT layer after 1 min FS decoration.

for NTs, respectively, for C 1s, F 1s, and P 2p (while those of
O 1s and Ti 2p are listed in Figure S3). The magnetron-
sputtered flat TiO, layers have an average roughness (R,) value
in the order of 1 nm (SEM images in Figure 2e—g and confocal
laser microscopy images, Figure 2h) and are thus ideal for XPS
measurements to evaluate the binding of FS. The WCA images
are shown in Figure 4d—h. Note that the bare flat TiO, layers
consist only of C, O, and Ti with the C 1s peak centered at
~285.2 eV, typical of adventitious carbon, which can be
attributed to the C—C bonds and C—H adsorbed on the
surface. The latter explains the relatively high WCA of the bare
TiO, layer (Figure 4d). It is noteworthy that the F and P
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content in the flat layers is zero, and this is significant because
the FS functionalization contains C, O, F, and P (with 10—18
CF, groups, 2 CF; groups, and PO groups); therefore, the
evaluation of the C 1s, F 1s, and P 2p peaks is crucial. In the
case of the bare NT layers, the NTs additionally contain F and
P as uptake from the anodizing electrolyte (F 1s peak at
~684.8 eV corresponding to metal fluorides, and P 2p at
~133.8 eV to phosphate groups).”"”** Given this initial F and P
content in the bare NTs layers (3.71 at% F and 2.55 at% P), to
better evaluate the amount of F or P attributed to the ES, we
also calculated the F/Ti or P/Ti ratios from the atomic
percentage data obtained from XPS (Figure 41 and Tables S1
and S2).

For both the flat and NTs layers, we observe the appearance
and increase of the peak at £292 and the shoulder at 7294 €V,
typical for CF, and CF;, and the F 1s at =689 eV, with
increasing the RT treatment time or with the 30 min treatment
at 60 °C. Similarly, for the flat layers, we observe the P 2p at
~134 eV, while for the NTs, since a P 2p is already present in
the bare NTs, we observe an increase in the intensity of the
peaks. In addition, we also observe a decrease in the Ti 2p and
O 1s, which coincides with the increase observed in the
aforementioned peaks, further supporting the decoration of the
TiO, surface with the FS monolayer. The O 1s and Ti 2p
peaks (Figure S4), show the typical peaks corresponding to
TiO,:*>** for O 1s, a strong peak around ~530.5 €V, typical
for TiO,, together with a shoulder at 532 eV (which can be
attributed to —OH, CO bonds and adsorbed water), and for
Ti, the 2p;, peak around ~459 eV, corresponding to Ti*" in
TiO,. The XPS results explain the gradual increase of the
hydrophobicity measured on the flat TiO, layers from 93.8° +
0.5°,102.3° + 2.3°, 107.6° + 4.0° to 120.3° + 0.8° for 1 s, 1
and S min at RT, and 30 min at 60 °C, respectively (Figure
4e—h).

Interestingly, for the flat layers treated at RT, we observe a
shift to higher binding energies in both the CF, and CF; peaks
(~0.35 & 0.10 eV) and the F 1s peaks (~0.30 + 0.10 eV),
while for the NTs, these shifts are smaller and disappear
already for the 5 min RT treatment. These aspects may
indicate differences in the ordering of the monolayer, which is
tighter on the flat layers. The NT morphology allows for a
different ordering, taking into account the inner and outer
parts of the tube walls at the top of the surface. The F/Ti and
P/Ti ratios (Figure 41), clearly show that for the NT layers, in
S min at RT, similar ratios are obtained as for 30 min at 60 °C
(namely, F/Ti of 9.4 vs. 9.6, or P/Ti of 0.27 vs. 0.25). From
the point of view of the FS bound on the top TiO, surface, for
the NTs, 5 min is enough to bind a similar amount of FS.
Considering the P/Ti ratio of NTs’, which is 0.152 for the bare
NTs and increases to 0.217 after 1 min ES decoration, this
means that the amount of P is increased in the first 10 nm
(surface sensitivity of XPS), compared to the bare NTs. While
similar F/Ti ratios are obtained for the 1 min flat and NTs
layers (5.4—S5.7), and similar P/Ti ratios (considering that the
NTs already contain some P from the anodizing electrolyte),
the WCAs show an improved hydrophobicity for the NT
morphology.

To follow up on these differences, the detailed examination
of the C 1s and F 1s peaks for the 1 s and 1 min FS decorated
samples was necessary, to evaluate the differences between a
flat and NT morphology as shown in Figure 4m,n for 1 min
and Figure SS for 1 s. The peak fits further confirm the
presence of the CF, and CF; groups of the FS (in both the C
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Is and F 1s spectra), along with that of adventitious carbon,
C—0O and C—0O-P bonds, or C=0 bonds.

To summarize in the case of the C 1s peak fit, this includes
(i) C—C, C—H bonds at ~285.2 eV (including adventitious
carbon contribution), (ii)) C—0O and C—O—P bonds at ~286.8
eV, (iii) C=0 bonds at ~288.9 eV, (iv) CF, groups at 292.4
eV for flat and 292.0 eV for NTs, and (v) CF; groups at 294.4
eV for flat and 294.1 eV for NTs. The peak positions are in
agreement with data in the literature,”** and the peaks are
visible for both the flat and NT layers, e.g., with 60 and 50% of
the C coming from the CF,/CF; groups, respectively, for the 1
min FS decorated layers. Similarly, different F contributions
are also observed in the F 1s peak fits (Figure 4n), for the flat
layers, CF, peak at ~689.7 eV and CF; at 691.6 eV (with
87.5% and 12.5% of the peak area, respectively), which show a
~0.3 eV shift to higher binding energies compared to the NT
layers. For the NTs, these peaks are at £689.3 eV and ~691.3
eV, with an additional metal fluoride peak at ~684.8 eV
(92.1%, 3.6%, and 4.4%, respectively). For the FS molecule,
the ratio of the CF, to CF; groups from the molecular formula
is between 5—9 to 1. Thus, the smaller peak intensity observed
for CF; groups for the NTs may indicate that some existing
groups are outside the depth sensitivity of the XPS, and thus
inside the tube diameter or outside the tube wall.

Bl CONCLUSIONS

In conclusion, we demonstrated the rapid self-assembly
kinetics of fluorinated phosphate ester used to reduce the
surface energy of flat and nanostructured metal oxides. The
wet chemical approach allows the formation of hydrophobic
coatings capable of trapping air underwater, achieving WCAs
above 150° within minutes on rough TiO, NTs. The
phosphate ester headgroup has no tendency to cross-link,
allowing the FS solution to be used repeatedly for years
without degradation. X-ray photoelectron spectroscopy con-
firmed the binding kinetics over different immersion times and
temperatures, particularly between flat and NT morphologies,
with the latter showing rapid and stable coating formation at
ambient conditions. This work addresses critical challenges in
the scalability, and efficiency of underwater aerophilicity, and
provides an easy-to-implement, rapid, efficient, repeatable,
scalable, cost-effective, and waste-free process to reduce the
energy of solid surfaces. In addition, the proposed coating
process is independent of substrate geometry and is equally
effective in coating external and internal surfaces, small and
large parts.
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