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ABSTRACT: Herein, we report a facile method for the
fabrication of self-lubricating superhydrophobic hierarchical
anodic aluminum oxide (AAQ) surfaces with improved corrosion
protection, which is greatly anticipated to have a high impact in
catalysis, aerospace, and the shipping industries. This method
involves chemical grafting of as-formed AAO using low surface
free energy molecules like long chain saturated fatty acids,
perfluorinated fatty acid (perfluorooctadecanoic acid, PFODA),
and perfluorosulfonicacid-polytetrafluoroethylene copolymer.
The pre and post treatment processes in the anodization of
aluminum (Al) play a vital role in the grafting of fatty acids.
Wettability and surface free energy were analyzed using a contact
angle meter and achieved 161.5° for PFODA grafted anodized
aluminum (PFODA-AI). This study was also aimed at evaluating

A~ Saturated Fatty acids, Perfluorooctadecanoic acid
B Perfluorosulfonic acid (Nafion)

the surface for corrosion resistance by Tafel polarization and self-lubricating properties by tribological studies using a pin-on-disc
tribometer. The collective results showed that chemically grafted AAO nanostructures exhibit high corrosion resistance toward
seawater and low frictional coefficient due to low surface energy and self-lubricating property of fatty acids covalently linked to

anodized Al surfaces.

KEYWORDS: nanoporous anodic aluminum oxide, perfluorooctadecanoic acid, superhydrophobic, corrosion protection,

frictional coefficient

1. INTRODUCTION

Aluminum (Al) and its alloys are naturally abundant engineer-
ing materials with extensive applications in daily life, which
include aerospace, shipping industries, transportation, pack-
aging, construction, and household items because of their high
strength, excellent heat and electrical conductivities, and low
weight. In recent years, nanoporous anodic aluminum oxide
(AAO) prepared by the electrochemical anodization of Al' have
attracted significant attention for their potential application
prospects in engineering technologies. This profound interest
led researchers to achieve highly ordered AAO for multifarious
applications, which include cata.lysis,2 drug delivery,‘q”4 biosens-
ing~” template synthesis," '° molecular and ion separa-
tion,"*™*3 and so-forth.

By using an appropriate acidic electrolyte,'* it is possible to
achieve nanopores with controlled pore size. Apart from this,
the anodization parameters such as temperature, current, pH,
applied potential, electrolyte concentration, and pre-patterning
of the surface should also be taken into account in order to
achieve highly ordered pore structures with desired and tunable
pore diameters and interpore distance.'’> Numerous studies
have revealed the mechanism for the formation of AAO.
Recently, Reis et al.'"® proposed a model for the growth of
nanoporous AAO by anodic oxidation. Ngan et al.'” also
investigated the sustainable growth of nanopore channels in
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AAO guided with pre-patterns by focused ion-beam milling. In
general, the formation of AAO on the Al surface could act as a
corrosion barrier, but it was limited to a certain extent due to its
hydrophilic nature. Therefore, it is quite necessary to modify Al
surfaces with enhanced hydrophobicity (so-called super-
hydrophobicity) for improved corrosion resistance.'™>"
Superhydrophobic surfaces are characterized by three main
properties; high water contact angle (WCA > 150°), low sliding
angle (SA < 5°), and very low contact angle hysteresis (CAH <
5°).%% These characteristics gives rise to certain applicative
properties, such as self-cleaning, anti-icing, antifouling,
corrosion resistance, fluidic drag reduction, and oil/water
separation.”> ** In order to make a substrate superhydropho-
bic, it is necessary to increase the surface roughness and lower
the surface free energy. In this scenario, numerous methods
have been developed to fabricate superhydrophobic surfaces,
which include etching techniques,”**” the sol—gel process***'
electrospinning,® deposition of nanoparticles on smooth or
rough substrates,®> the LbL technique,34’35 chemical bath
deposition (CBD),* physical vapor deposition (PVD),*” and
the solution-immersion process,3 owing to their wide range of
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applications in emerging trends. Among these methods, the
solution immersion process is an effective yet quicker process
with the potential to be used on various substrates. Recent
research has focused on preparing superhydrophobic surfaces
with higher corrosion and wear resistance by creating micro/
nano scale (dual scale) roughness and subsequent modification
with low surface energy molecules.*~*

Long chain fatty acids are used as effective modifiers since
they possess low surface energy and are chemisorbed onto the
substrate forming stable carboxylate groups.**** For instance,
dodecanoic acid (lauric acid) modified Al alloy, as shown by
Wen et al,** demonstrates an excellent anti-icing behavior.
Recently Feng et al.** also developed a novel superhydrophobic
alumina surface with a contact angle of 154.2° by grafting an
octadecanoic (stearic acid) layer onto the porous and
roughened Al film. Apart from these fluorine-containin
chemicals like fluoroalkylsilanes*****” and fluoropolymers,*
polymers* have also been utilized for the fabrication of
superhydrophobic alumina surfaces because of their low surface
energy. More recently, Chin et al* developed liquid marbles
using TiO, nanoparticles encapsulated with perfluorooctadeca-
noic acid, which shows an excellent photo-responsive behavior.
Fatty acids and perfluorinated fatty acids are found to have self-
lubricating properties in addition to their superhydrophobic
behavior, which helps to minimize the friction and wear and
serves as a barrier for corrosion protection.SI_53 These
molecules possess good lubricity and are commonly used in
hard disc drives and in the electronic industry as high
performance nanolubricants.

Increasing the durability, corrosion, and wear resistance of
the final products and simplifying the fabrication process are
the few concerns that need to be resolved for large-scale
manufacturing of superhydrophobic surfaces. In view of this, we
developed a nanopore embedded microtextured superhydro-
phobic Al surface with a low frictional coefficient and high
resistivity to corrosion by combining two processes, viz.,
electrochemical anodization followed by a grafting process
utilizing long chain saturated fatty acids, perfluorinated fatty
acid, or perfluorinated sulfonic acid. We also studied the effect
of increasing roughness on the superhydrophobicity of the
developed surface with an increase in the number of carbon
atoms of the long chain fatty acids. The durability of as-
prepared samples were tested and compared with freshly
prepared samples. The corrosion resistance of the grafted as
well as the anodized Al surfaces was studied using the Tafel
polarization technique. Friction reducing behavior and antiwear
properties were also investigated via a dry tribology study and
compared with that of the bare substrate.

2. EXPERIMENTAL SECTION

2.1. Materials. Aluminum plates [(6.35 mm) thick, 99.95% (metal
basis)], perfluorooctadecanoic acid (PFODA) and perfluorosulfonic
acid-PTFE copolymer (Nafion, PFSA) were obtained from Alfa Aesar,
India. Dodecanoic acid (DDA), tetradecanoic acid (TDA), octadeca-
noic acid (ODA), and icosanoic acid (ISA) were purchased from
Sigma-Aldrich (India). All other reagents were of analytical grade and
were used without further purification. Deionized water (DI) with a
resistivity of 18.2 MQ cm was used in all the experiments.

2.2. Modification of Al Surfaces. 2.2.1. Procedure to Prepare
Electropolished Al Surface. The Al plates were annealed in a
conventional vacuum furnace at 250 °C for 2 h, followed by
mechanical polishing with SiC papers of different grid sizes (400 and
40) and cut into pieces of size 1.5 X 5.0 cm” The pieces were cleaned
ultrasonically in the sequence of alcohols and DI for 5 min,
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respectively, and dried at 100 °C. The cleaned and dried Al pieces
were then electropolished54 in 1:4 HCIO,/EtOH at 25 °C (10 V for 2
min).

2.2.2. Procedure for the Preparation of Anodic Aluminum Oxide
(AAO) Surface. Nanoporous AAQO preparation was performed in an
electrochemical cell with a conventional two-electrode configuration
consisting of a platinum sheet as the counter electrode and
electropolished Al substrates as the working electrode. One-step
anodic oxidation was carried out. Briefly, Al sheets were anodized in
0.3 M oxalic acid at a constant voltage of 30 V for 3 h at 25 °C. After
anodization, the samples were dipped in a 5% H;PO, solution at 35 °C
for 10 min to allow the nanoporous opening. However, microvalleys
were created on the electropolished Al surfaces when sulfuric acid was
used as an electrolyte, and the detailed procedure is provided as
Supporting Information (SI) SI.

2.2.3. Procedure for Grafting of Organic Molecules onto AAO
Surface. Anodized Al plates were immersed into the solution
containing saturated fatty acids (1 wt % in EtOH) for S min and
dried in an oven at 110 °C for 1 h. 0.1 wt % of PFODA solution in
EtOH was also prepared, and the plates were immersed into this
solution for 10 s and then dried as mentioned above. Similarly, 0.1 wt
% of PFSA in 1:1 H,O/EtOH solution have also been prepared and
grafted on anodized Al

2.3. Characterization. FTIR spectra were recorded on Attenuated
Total Reflection (ATR) mode using BRUKER-TENSOR 27 (Optik
GmbH) equipped with RTDLaTGS (Varian) detector. All analyses
were performed in the range of 400—4000 cm™', with a resolution of 4
cm™ after 64 scans. Nanoporous AAO was used as the reference. The
spectra of fatty acids were taken by pressed pellet technique using KBr.
The morphological structures of the prepared samples were captured
using Scanning Electron Microscopy (SEM) of TESCAN, VEGA 3
fitted with Bruker detector, Czeck Republic. Field Emission Scanning
Electron Microscopy (FESEM, Carl Ziess Model no. SUPRA SSVP)
was also used to acquire the surface morphology of the nanostructured
anodized and grafted Al surfaces. Gold was sputtered onto the samples
before analyzing the morphology in order to increase the conductivity.
The roughness and surface topography of the bare and treated samples
were obtained using AFM from Agilent Technologies, U.S.A,; Model
No. 5500 with Si;N, cantilever. AFM images were taken in tapping
mode with a scan area of 2 X 2 um?* The profile extractions of the
topographical images were done by using Picoview 1.12.2 software.

The chemical compositions of modified samples were analyzed
using X-ray photoelectron spectroscopy technique (Multilab 2000,
Thermoscientific, UXK). Spectra were recorded using an X-ray source
of Al Ka radiation with a scan range of 0—1200 eV binding energy and
referenced with respect to adventitious carbon (C 1s: 284.9 V). The
chamber pressure was about 3 X 107 Torr, and the pass energy was
20 eV under testing conditions. The collected high-resolution XPS
spectra were fitted according to the Shirley-type background using
XPS PEAK 4.1 software programmed with Gaussian-Lorentzien 60%/
40%. The EDX spectra (Thermo Electron Corporation, U.S.A.) were
acquired at an accelerating voltage of 20.0 kV and a magnification of
1000X. The wettability of bare and treated samples was measured on
Automatic Video based Contact angle measuring instrument from
Data Physics Instruments GmbH (Model OCA 35), Germany, by
means of water contact angle and CAH at ambient and high
temperature. The analyses were carried out using the sessile drop
method for static and dynamic contact angles and sessile drop (needle
in) method for advancing and receding contact angles, respectively.
The tilting angle was calculated with respect to the pendant drop
method. Water droplets of S yL were used for all the measurements.

2.4. Electrochemical Studies. Corrosion parameters were
measured through Tafel polarization technique using BAS-IMG6,
U.S.A. electrochemical workstation in a three-electrode system: Al
plate (1 cm®) as a working electrode, a platinum gauze counter
electrode, and a saturated calomel electrode as a reference electrode.
After keeping the electrode ideal for a stable open circuit potential
(OCP) for 30 min in an electrolyte containing 3.5 wt % NaCl solution,
the potentiodynamic polarization curves were acquired at a scan rate of
1 mV/s at room temperature for bare, AAO, and modified Al surfaces.
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a)

Figure 1. FESEM images of (a) bare (electropolished Al), (b) nanoporous anodic aluminum oxide (AAO) obtained from the anodization of
electropolished Al using oxalic acid as electrolyte (before etching), and (c) after etching with phosphoric acid for 10 min.
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Figure 2. (a) FTIR spectrum of An-Al, DDA-Al, TDA-Al, ODA-Al, and ISA-Al recorded in ATR mode, (b) and (c) FTIR spectra of PFSA-A
PFODA-Al recorded in ATR mode and PFSA, PFODA recorded using KBr Pellet technique. The regions A to E in (a) is explained in detail in the

text.

Immersion tests were also carried out with 3.5 wt % NaCl solution to
evaluate the durability of modified Al surfaces. After a definite time of
immersion, the samples were taken out from the water and dried in a
vacuum oven at 40 °C for S min. Then, the wettability of the samples
was evaluated by the aforementioned method.

2.5. Tribological Studies. Dry tribology properties have been
investigated using pin-on-disc type tribometer from Nanotech Systems
(Model No. TR-20LE-PHM 400-CHM 500), India. The sliding
distance was kept constant for all the samples as 60 mm and tested for
10000 cycles against stainless steel SS 301 disc. The above studies
were performed at an applied load of 10 N to evaluate the self-
lubricative property of the modified substrates. The friction coefficient
obtained from the instrument was plotted against sliding cycles.

3. RESULTS AND DISCUSSION

3.1. Formation of Nanopores. Uniform roughness was
created on the pretreated (electropolished) Al surface by one-
step anodic oxidation process. In particular, the pretreated Al
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samples were subjected to anodization under mild conditions,
which is denoted as a mild anodization (MA) process, in which
constant voltage was supplied for the oxidation of Al to AAO.
To evaluate the surface features of the anodized aluminum
surface, FESEM images are provided as Figure 1. In this
process, ordered uniform nanopores with pore sizes ~40 nm
were formed using oxalic acid (30 V, 25 °C, 3 h) which could
be clearly seen in Figure 1b, whereas the FESEM image of the
electropolished featureless Al surface can be seen in Figure la.
The dimension of pores and pore structures can be tuned by
altering the acidic nature of the electrolyte, and applied
voltage.'*

After anodization, wet chemical etching was carried out with
the help of phosphoric acid, which allows pore widening to take
place that can be clearly visualized from the FESEM image
shown in Figure 1c. The size of the nanopores was around 30—
40 nm before etching, and it was found to be 50—60 nm after
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etching, and they were consistently distributed throughout the
surface. It is also found that the modification (covalent bond
formation) was easier and effective with the postetched surfaces
having larger pore diameters when compared to surfaces having
smaller pore diameters. This is mainlg because of widening of
the pores by wet chemical etching.*’ Hence, an appropriate
pore size of the nanopores was taken into account in order to
attain efficient chemical modification on AAO surfaces.

In an attempt to get nanopores embedded with microtexture
with increased surface roughness, acid etching was done at the
electropolished Al surfaces followed by anodization in the
presence of sulfuric acid electrolyte.* As a result, we could get
microvalleys in the range of 2.1 ym in height (SEM image
presented as Figure S1 in the SI). Although the roughness was
increasing (analyzed by AFM), the modification was found to
be ineffective toward fatty acids. This ineffectiveness was
attributed to the smaller pore size and insufficient hydroxyl
groups on the surface, which is evident from its wettability.
Hence the anodization was done using oxalic acid for all the
experiments. It is also noted that the ease of grafting, in the case
of nanoporous AAO with desired pore diameters, is
considerably higher for fatty acids, perfluoro fatty acids, and
perfluoro sulfonic acids (particularly PFODA and nafion) as
compared to the etched surfaces.

3.2. Surface Modification. Saturated fatty acids from DDA
(12 C) to ISA (20 C), perfluorinated carboxylic acid (PFODA)
or perfluorinated sulfonic acid (Nafion, PFSA) are the low
surface energy modifiers used in the present study for
modifying the anodized Al surface. FTIR-ATR spectra of
anodized Al using oxalic acid (An-Al) and chemically modified
Al are shown in Figure 2. Saturated fatty acids modified An-Al
was indicated by DDA-Al, TDA-Al, ODA-Al, and ISA-Al,
depending on their increase in the number of carbon atoms.
FTIR-ATR spectra of saturated fatty acids are also acquired in
order to compare them with functionalized substrates
(provided in the SI as Figure S2). Figure 2a shows the FTIR
spectra of An-Al and the corresponding saturated fatty acids
functionalized An-Al. The peaks around the region A (2990
cm™") and region B (2886 cm™') was assigned to asymmetric
(v,) and symmetric (v,) stretching vibrations of methylene
group. In addition to this, there are peaks present at 2958 and
2896 cm™' which are attributed to the v, and v, of methyl
groups situated at head region, respectively. These vibrational
modes are mainly corresponding to the alkyl chains of fatty
acids. The formation of stable carboxylate groups which were
bound to the Al surface was confirmed by the presence of v,
and v,, of CO,” at the region of C (1681 cm™") and D (1308
cm™), respectively.”® The region E (638 cm™") was responsible
for the CH, in-plane bending vibrations. We have noticed the
increase in the frequency of CH, in-plane bending vibrations
from 625 to 638 cm™' which is due to an increase in the
number of CH, groups, and it is observed that the same peak
was shifted from their corresponding fatty acids (548 to 560
cm™) before modifying with AAO, which provides an
additional information about chemical modification.

Figure 2b,c shows the FTIR spectra of An-Al, PFSA modified
An-Al (PFSA-Al) and PFODA modified An-Al (PFODA-Al).
C—F stretching vibrations are clearly shown by the peaks at
1302, 1178 cm™" (PFSA-Al) and 1240, 1178 cm™ (PFODA-
Al), which is shifted from the parent 1228, 1156 cm™' (PFSA)
and 1212, 1153 cm™" (PFODA), respectively. The formation of
sulfonates from PFSA were confirmed by the peaks present at
1583 and 1468 cm™' in Figure 2b which was assigned to SO,

1519

stretching vibrations. The peaks at 1673 and 1488 cm™ in
Figure 2c represents v, and v, of —O—C=0, as described in
the saturated fatty acids modified An-Al, confirms the formation
of stable carboxylate groups with An-Al. These collective results
obtained from FTIR-ATR spectra clearly reveal the formation
of carboxylates and sulfonates from their respective acids on the
An-Al surface.

3.3. Surface Morphological Studies. SEM and AFM
techniques were used to observe the surface morphology of
AAO and chemically grafted AAO samples. Saturated fatty acids
such as DDA, TDA, ODA and ISA, PFODA, and PFSA were
used to fabricate the as-formed nanopores. These organic
molecules are being introduced particularly to impart super-
hydrophobicity, corrosion resistive, and wear resistive proper-
ties. Figure 3 shows SEM images of saturated fatty acids

Figure 3. SEM images showing micro and nanotextured surfaces of (a)
DDA-A], (b) TDA-Al, (c) ODA-Al, (d) ISA-Al, (e) PFODA-Al, and
(f) PESA-AL

(number of carbon atoms from 12 to 20 C), PFODA and PESA
modified An-Al surfaces. We compared the morphology of
smooth bare Al surface with that of the rough An-Al surface and
the chemically modified An-Al surface to understand the
ordered homogeneous hierarchical roughness. The morpho-
logical changes in micro and nanostructured substrates are
clearly depicted in Figure 3a—f. It is possible to observe the
formation of dual-scale roughness on modified An-Al with
microbunches (DDA-Al, TDA-Al), microbranch-like structure
(ODA-Al), microsponges (ISA-Al), micro/nanosticks
(PFODA-Al), and uniform layer like structure (PFSA-Al). It
is also noted that the as-formed nanopores on An-Al surfaces
are being completely filled by the organic molecules utilized for
grafting, which led to microtextured surfaces. So the super-
hydrophobic behavior was attained due to these hierarchically
aligned surfaces in addition to the low surface energy, as
discussed later. A branch-like structure is formed when PFODA
was coated onto as-formed microvalleys using sulfuric acid,
which is indicated by the SEM images (provided as Figure S1 in
the SI).

AFM technique, a well-established tool, is used to observe
the changes in the surface topography and roughness of various
metal substrates before and after modification. Figure 4
illustrates the surface topography of bare, An-Al, PFSA-A]
and PFODA-AL The rms roughness (R,,,) was found to be
0.156 nm (bare), 15.0 nm (An-Al), 24.0 nm (PESA-Al) and
36.7 nm (PFODA-AI).>® 1t is evident that the roughness of
treated substrates increases from bare Al to An-Al and in turn

DOI: 10.1021/am506568v
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(ii)

(iv)

Figure 4. AFM tapping mode topographical images and 3D images of Bare (a) and (i), An-Al (b) and (ii), PFSA-Al (c) and (iii), and PFODA-AI (d)
and (iv). 3D images clearly show the formation of hierarchical roughness. The roughness parameters were obtained by profile extraction of

topographical images. Scan area 2 X 2 ym?.

to chemically modified An-Al Interestingly, AFM images
revealed that the terraces of oxide nanostructures were
significantly enlarged after grafting with organic molecules.
AFM 3D images also provide more direct evidence on the
nanostructures of AAO and modified Al surfaces, which is
outlined in Figure 4(i—iv). AFM tapping mode 3D images of
saturated fatty acids modified An-Al and the corresponding
topographical images are reported to exemplify the roughness
(Figure S3 in the SI). In addition to FTIR-ATR spectral data,
the surface morphological studies using the above instrumental
techniques clearly demonstrate the changes occurred on the
surface of Al before and after treatments.

3.4. Surface Elemental Composition. The surface
elemental compositions of fabricated samples were analyzed
using EDX spectroscopy and X-ray photon electron spectros-
copy (XPS) techniques. The EDX spectrum of An-Al shows Al
and O in atomic % of 36 and 62, respectively (see Figure SSa
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given in the SI), which confirms the formation of nanoporous
AAO with hydroxyl groups on the surface. After being modified
with PFODA, PESA, and fatty acids, corresponding EDX
spectra were also acquired to find the elements present on the
surface (see SI SSb-d). In addition to EDX spectroscopy, XPS
spectroscopy was also utilized to confirm the aforementioned
changes on the surface. This spectroscopy was one of the
surface sensitive techniques used to provide information on the
changes in surface chemistry. XPS survey scan spectra of ISA-Al
(SI Figure S6a) consisted of three elements: Al, C, and O. In
addition to these elements, F was also seen in the survey scan
spectra of PFODA-AIl provided in SI Figure S6b. Figure $S
shows the deconvoluted spectra of ISA-Al which indicates the
following elements; Al 2p (75.1 eV), Al 2s (1202 eV), C 1s
(285 eV), and O 1s (531 eV), respectively. It should be noted
that the spectra of C 1s contains four peaks. The first peak at
284.2 eV was attributed to —C—H group and the second peak

DOI: 10.1021/am506568v
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Figure S. Deconvoluted XPS spectra of An-Al, ISA-Al, and PFODA-AL

at 285 eV might originate from the C atoms belonging to the
—C—C group. The third and fourth peaks at 286.1 and 288.4
eV are assigned to C=0 and C—O from the carboxylate
group formed on An-Al. Deconvoluted spectra of O 1s possess
three peaks; —OH (530.2 eV), O=C (531.3 eV), —O—C
(532.3 V).

XPS deconvoluted spectra of PEODA-AI was also depicted in
Figure S, which shows elements such as Al, C, O, and F. As in
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the case of XPS spectra of ISA-Al, the peaks at 75 and 120.2 eV
indicated the presence of Al 2p and Al 2s. Four peaks were
fitted to the high-resolution spectra of C 1s; the peak at 282.6
eV corresponds to C—C, whereas the peak at 290.3 eV was
attributed to the C atoms in C==0. The shift of 4.2 eV in C=
O as compared to the binding energy of C=0 (286.1 V) in
ISA-Al was noticed, which is due to the electronegativity of F
atoms. The presence of CF, and CF; moieties was confirmed
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Figure 6. Water contact angle images of (a) bare, (b) An-Al, (c) DDA-Al, (d) TDA-A], (e) ODA-Al (f) ISA-Al, (g) PFSA-A], and (h) PFODA-AL

Table 1. Effect of Surface Free Energy and Roughness on Contact Angle®

contact angle (deg)

surface energy (mJ/m?)

corrosion parameters

sample R (nm) water 1,2-DCE 7°
bare 0.156 80.1 5.0 27.2
An-Al 9.29 17.6 8.0 154
PESA-Al 24.1 150.5 78.0 17.6
DDA-Al 10.8 141.8 67.0 21.7
TDA-Al 13.8 147.6 72.0 19.9
ODA-Al 15.3 1524 81.0 15.8
ISA-Al 25.0 158.7 96.0 9.7
PFODA-Al 36.7 161.5 116.0 3.8

},P

7.3
S1.3
4.0
2.9
3.5
32
2.3
0.8

r Lo (nA/cm?®) E,, (mV) coefficient of friction
34.5 9097 —1135 0471
66.7 1090 —785 0.152
21.6 1050 —648 0.125
24.6 719 —675 0.135
23.4 528 —638 0.116
19.0 369 —586 0.085
12.0 49 —-532 0.060
4.6 2.26 —328 0.045

“Corrosion and tribological parameters are also shown to elucidate corrosion protection and friction reducing behavior.

by the peaks at 291.1 and 292.0 eV, respectively. Three peaks
were fitted to the high-resolution O 1s spectra; 530.2 eV (—
OH), 531.2 eV (C=O0) and 532.1 eV (—O—C). In addition
to this peaks, a peak at 686 eV was observed, which indicates
the existence of F atoms. Deconvoluted spectra of high
resolution F 1s shows two peaks at 685.6 eV (CF,) and 686.9
eV (CF;). These values are being matched with the literature
values.”” The above results obtained from the EDX and XPS
confirm the formation of carboxylate groups onto the as-
formed AAO, which was well supported by the information
provided by FTIR, SEM, FESEM, and AFM.

3.5. Surface Wettability. In an effort to describe the
wettability of the modified surfaces, WCA measurements were
carried out using a video based optical contact angle meter.
Figure 6 shows the images of WCAs on the surface of the
different types of Al substrates. The results obtained from the
contact angle instrument are tabulated, which are presented as
Table T1 (given in SI S8). SCA of bare Al was about 80.1°,
which is slightly hydrophobic in nature. After being anodized
using oxalic acid, SCA was reduced much to 17.6°, indicating
near superhydrophilicity, probably due to the formation of
active hydroxyl groups on the surface of Al observed by the
EDX spectrum of the AAO surface. The transition from
superhydrophilic to superhydrophobic behavior of Al occurred
when anodized Al was covalently linked to low surface energy
molecules. It is observed that as the number of alkyl chain in
the modifier increases from 12 to 20 C, the WCA increases
from 141.8° to 158.6° respectively. The higher SCA (161.5°)
was achieved, as expected, in the case of the PFODA modified
anodized Al surface, since the surface energy of the substrate
was very low, compared to previously used fatty acids. Hence, it
implies that the modifier obstructs the water molecules from
penetrating into the base surface, helping the surface to be used

with a self-cleaning property. Superhydrophobicity not only
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depends on high SCA, but also on low CAH. ACA and RCA
were also investigated to explain wettability in terms of CAH. It
is noted from SI Table T1 (given in SI S8) that the CAH was
very low (2°) for PEODA-AL S° for ISA-Al and greater than 5°
for all other fabricated samples.

3.6. Effect of Roughness and Surface Free Energy on
Superhydrophobicity. In general, superhydrophobicity is
believed to be related with two important parameters;
hierarchical surface (high roughness) and low surface energy.
The superhydrophobic behavior on modified Al surfaces is
achieved due to the hierarchical roughness evidenced by surface
morphological studies and low surface free energy calculated
from the contact angle instrument (Table 1). Roughness glays a
vital role in illustrating the superhydrophobic behavior.” The
roughness parameters were obtained by the profile extraction of
AFM topographic images, and the results are summarized in SI
Table T2 (S9). The SCA changes of bare, anodized, and
functionalized samples with the roughness could be well
explained by these parameters. The R, roughness increases to
render the substrates superhydrophobic, and maximum R
was observed for PFODA-Al (36.7 nm), which shows high
WCA-161.5°, as expected.

It is necessary to elucidate the surface energy changes from
untreated to treated samples, since it is demonstrated that the
low surface energy was one of the main factors in determining
the superhydrophobic behavior. Gawalt et al.*® calculated the
surface free energy of functionalized solid surfaces from the
Young—Good—Girifalco—Fowkes equation as follows:

)1/2 )1/2

fin(L + cos 0) = 20/ 01" ) + 20777y (1)
where @ is the contact angle; 71y, 7’1y, 7 1y are the total, polar,
and dispersive surface free energies of the liquid—vapor
interface, respectively, and 7’y and y gy are the polar and

dispersive surface free energies of the solid—vapor interface. We
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Figure 7. (a) Tafel plots of Bare, An-Al and chemically modified An-Al substrates immersed in 3.5 wt % NaCl solution. (b) CoF versus sliding cycles
against steel disc obtained from pin-on-disc tribometer at a sliding velocity of 1 m/s.
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also calculated the values of y’gy and yPgy using the same
method with the help of the contact angle meter using water
and 1,2-dichloroethane in which their surface free energies are
known. The obtained values are displayed in Table 1. It is
inferred that the low surface energy (4.6 mJ/m?®) obtained for
PFODA coated Al was also responsible for its improved
hydrophobicity. The surface free energies of ISA-Al and PFSA-
Al were calculated to be 12.0 and 21.6 mJ/m?, which also show
superhydrophobic behavior.

3.7. Corrosion Resistive and Friction Reducing
Properties. 3.7.1. Corrosion Resistive Behavior. Instanta-
neous corrosion rate of substrates could be measured using
polarization curves. From a typical polarization curve, it is
possible to derive the important parameters, such as corrosion
potential (E,,,) and corrosion current density (I,,,) in order to
properly explain the mechanism of protection. In general, the
lower I, value emphasize lower corrosion dynamic rate and
positive E_ . value indicates lower corrosion thermodynamical
tendency. Tafel plots were acquired to compare the corrosion
behavior of bare, An-Al and fatty acids modified An-Al. We
obtained potentiodynamic polarization curves after the stable
open circuit potential was attained when the untreated and
treated samples are exposed to 3.5 wt % NaCl solution at room
temperature for 30 min. Figure 7a suggests that the anodized
samples are having a low I, value and a high E_, value as

corr corr
compared to bare, which indicates the resistivity to corrosion,
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mainly because of the protective oxide layer formed on the
surface of Al. Further, it is also inferred from Figure 7a that the
chemically modified samples with low surface energy molecules
are showing better resistance to corrosion than An-Al, as
indicated by the much lower I, and higher, positive E .
values. This is probably due to the chemical interfacial force
acting between the substrate and the low surface energy
molecules. The result shows that a hydrophobically treated
AAO surface significantly enhances the corrosion resistance
compared to hydrophilic oxide surfaces. Interestingly, it is also
observed that as the WCA increases for the substrates, the
corrosion rate is found to decrease, which is due to the
resistance toward water molecules around the surface (WCA
increases from 141° to 161°). In order to further check the
sustainability of the modification due to aging, the modified
sample was left in the 3.5 wt % NaCl solution for a week and
found the retention of superhydrophobicity with reference to
the freshly modified samples.

3.7.2. Tribological Studies. The self-lubricating property of
the fabricated Al was analyzed using tribological parameters
such as wear rate and friction force. Generally, the friction-
reducing behavior of modified substrates are expressed in terms
of coefficient of friction (CoF) obtained from frictional force
values. CoF values should be as low as the control samples in
order to reduce friction.”” In this manner, dry tribological
studies at an applied load of 10 N were performed to evaluate
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the self-lubricative property of the modified substrates. The
obtained CoF values were plotted against sliding cycles, which
is depicted in Figure 7b. It is inferred that fatty acids modified
An-Al exhibits very low and stable CoF ranging from 0.13 to
0.06 depending on the chemisorbed molecules as compared to
bare (0.47) and An-Al (0.15). In specific, PFODA-AI shows a
very low CoF value of about 0.05 exemplifying the higher
lubricity and antiwear. This is mainly because of low surface
energy as well as hierarchical nanostructure on the Al surface.
The parameters obtained from the corrosion and wear tests are
displayed in Table 1 along with WCA values. These findings
will be of considerable importance in tribological applications.

3.8. Durability. As of today, the durability of the modified
surfaces is a challenging area to work with, in terms of its
industrial applications. Many research groups are working on
this particular field to fabricate highly efficient and durable
substrates.”” In view of this, we attempted to evaluate the
durability of the functionalized Al surfaces in different aspects:
(a) exposed to air for 6 months at ambient temperature, (b)
exposed at high temperature, (c) immersed in 3.5 wt % NaCl
solution for a week, and (d) dipped in buffer solutions of
various pH for 30 min and then checked their wettability.
Figure 8a,b shows the plot of SCA against time duration in
months and pH of buffer solutions used. These figures clearly
demonstrate that the samples prepared under this technique are
extremely stable and have a high degree of durability and
repeatability.

4. CONCLUSIONS

A simple and adaptable solution immersion process (immersion
time, 10 s) is reported to modify homogeneously ordered
nanoporous AAO obtained by the electrochemical mild
anodization of aluminum. The covalent linkages between the
molecules and the substrate are the key factor for the
preparation of stable and highly durable superhydrophobic
hierarchical Al surface. These linkages are confirmed by FTIR-
ATR and XPS analysis. The hierarchical roughness shown by
the surface morphological techniques is also responsible for its
superhydrophobicity apart from low surface energy. As
compared to PFSA, PFODA-coated Al exhibits as high as
161.5° WCA and high resistivity toward corrosion because the
fabricated surface can serve as a barrier layer to obstruct the
diffusion of water, CI~, and O,. Moreover, PFODA molecules
possess very low surface energy and high lubricity. The
corrosion rate (I,,,) was substantially reduced to 2.26 nA/cm?
with E,, value —328 mV vs SCE (after being modified with
PFODA) when compared to bare (I.,,,) 9.10 uA/cm? with an
E o value of —1135 mV vs SCE. Compared with bare and
AAO, the self-lubricated composites exhibited low frictional
coefficient and longer wear life. Hence, the technique to create
homogeneously ordered superhydrophobic nanosurface is
projected as a long lasting, environmentally friendly, and highly
efficient process adaptable for industry.
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