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Carboxylic acids were investigated as a means to fabricate a superhydrophobic and corrosion resistant aluminum surface. Alkaline
etching produced a hierarchically rough, superhydrophilic and hydroxylated Al surface which could then be modified by immersion
in ethanol solution of carboxylic acids of different alkyl chain lengths, from hexanoic to octadecanoic. Acids with chain length
longer than seven carbon atoms acted as corrosion inhibitors, but only those with long chains (e.g., octadecanoic acid) acted as a
corrosion barrier and made the surface superhydrophobic with water contact angles over 150 degrees. The morphology, topography
and chemical composition of unmodified Al and etched Al modified by carboxylic acids were studied using surface analytical
tools (scanning electron microscopy with chemical analysis, X-ray photoelectron spectroscopy, and time-of-flight secondary ion
mass spectrometry). Modelling based on density functional theory was performed to help explain experimental observations and
to provide a rationale of why only carboxylic acids with long enough chains were effective in reducing the rate of corrosion. The
reason was attributed to their ability to form more stable and protective organic films. Aluminum surface prepared under appropriate
conditions was superhydrophobic, corrosion resistant and durable and showed self-cleaning and delayed ice-melting properties.
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The interest in superhydrophobic surfaces has been rising consid-
erably as reflected by numerous review papers published in the last
decade.'~!3 Surfaces of different materials, such as metals, composites,
tiles, textiles, and tissues, can be made superhydrophobic. These are
then used in a variety of industrial and every-day applications includ-
ing electronic industry (ultra-dry surface applications, sensors, optical
devices), water-repellent textile, removal of dirt particles along with
rolling liquid droplets (self-cleaning), prevention of formation and ac-
cumulation of ice on the surface (anti-icing), prevention of aggressive
medium to get into contact with metal surface (corrosion prevention),
reduced biofouling on ships’ hulls and consequently reduced friction
and fuel consumption (drag-reduction), windshield and window pro-
tection from fogging rain droplets (anti-fogging), improved perfor-
mance of water desalination systems by increasing flux in membrane
distillation, preventing bacterial attachment (anti-bacterial), oil and
water separation, etc. This variety of applications stems from the fact
that superhydrophobic surfaces bring additional functionalization of
the material by using relatively simple and usually inexpensive meth-
ods and procedures which can be up-scaled. Especially valuable are
fabrication methods which tend to avoid the use of chemicals that
are proven to be, or are potentially harmful for the environment and
humans.

Superhydrophobic surfaces, i.e., those which have a tendency to
repel water drops, are characterized by a high apparent contact angle,
(6 > 150°), low contact angle hysteresis (<10°), and low sliding angle
(a0 < 5°).173 Superhydrophobicity of the surface is achieved by an ap-
propriate combination of surface roughness, texture, and low surface
energy. On flat surfaces, wettability can be increased by a coating of
low surface energy. Examples include alkyl and perfluoro functional
groups which decrease surface energy in the order —CH,— > —CH3;
> —CF,— > —CF,H— > —CF;.! Even when these groups are closely
packed at the surface the maximum 6 cannot exceed 130°.! For rough
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surfaces, the wettability regime can follow two models: (i) the Wen-
zel model describes the change in 6 as a function of roughness on
a liquid-wetted surface; roughness either promotes wettability (6 <
90°) or non-wettability (8 > 90°) depending on the chemical nature
of the substrate, i.e., increasing roughness of a hydrophobic surface
renders it more hydrophobic, but on a hydrophilic surface it causes
the opposite effect, i.e., it becomes more hydrophilic. (ii) The Cassie-
Baxter model describes the change in 6 as a function of roughness
on a surface covered by small protrusions filled by air (which is hy-
drophobic); when wetted, the liquid cannot fill these pockets and the
contact area between substrate and liquid is greatly reduced leading
to superhydrophobicity. In the Cassie-Baxter model 0 increases with
surface roughness irrespective of its chemical composition and can
reach values over 150°.!2

Fabrication methods usually combine two approaches: top down
and bottom-up.'™!* The top-down approach includes the removal of
surface material to create appropriate surface roughness and texture,
e.g. lithography, machining, plasma treatment, chemical etching'? fol-
lowed by coating the surface using hydrophobic chemical compounds
of low surface energy. Bottom-up approach refers to a material addi-
tion process or self-assembly by building blocks of nano- or micro-
fabrication: chemical vapor deposition, electrochemical deposition,
layer-by-layer deposition, and the sol-gel method. Methodology of
fabrication of superhydrophobic surfaces is versatile and already able
to produce corrosion resistant surfaces>”!* but future work should
be focused on mechanical, i.e., abrasive resistance of such surfaces,
their chemical stability in media of different pHs, as well as long-term
corrosion performance.

The subject of this study is the fabrication of a superhydrophobic
aluminum surface. Aluminum is becoming an increasingly important
metal in transportation (automobile, airplane and marine) and civil
engineering industries. Aluminum and Al-based alloys are sponta-
neously protected by a native oxide layer which, however, cannot resist
harsh environment and needs to be additionally protected.'* Harsh en-
vironment refers to chloride containing media and also to media with
either low or high pH that is outside the stability region of the na-
tive oxide (4 < pH < 8.5)."* Such harsh conditions are used during
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cleaning of different Al-based products with alkaline protocols. Su-
perhydrophobicity of Al and Al-alloys is attracting increasing interest
because of the possibility to improve their corrosion resistance using
non-chromate protective coatings, as chromate conversion coatings
are abandoned due to ecological risk.'> Moreover, additional func-
tional properties, e.g. self-cleaning and anti-icing, represent added
value compared to traditional corrosion resistant coatings like con-
version and phosphate coatings. Several strategies have been hitherto
explored to fabricate superhydrophobic Al-based surfaces, including
sol-gel and spray coatings.'®"'® The most common approach was to use
a two-step process including roughening of the Al surface followed by
grafting of low-energy silane-based'® or fluorinated”*->> compounds.
Surface roughening was induced by acid etching,'®! but also alkaline
etching followed by metal chloride (FeCls) etching.?? Etching of Al in
NaOH and CuCl, itself can produce a superhydrophobic surface but
only after thermal treatment resulting in the formation of nanosized
particles of CuO and Al,03.%* Similarly, immersion of Alin chloroau-
ric acid (HAuCl,) and subsequent annealing treatment at 180°C pro-
duced a superhydrophobic Al—AlAu,—Al,Oj; surface.?* The electro-
chemical process of anodic oxidation was also often used as a surface
preparation step prior to chemical modification. Aluminum anodized
in oxalic acid, immersed in fluorinated silane and dried for 60 min at
120°C exhibited 6 > 163° and a < 2°.2° An oil-infused slippery Al
surface was obtained by electrochemical etching in NaCl followed by
anodic oxidation in a mixture of oxalic acid and Al,05.%°

In order to fabricate superhydrophobic aluminum we used car-
boxylic acids (CAs), CH3(CH,),COOH, as a means to achieve a
low-energy surface. In our previous publications CAs of different
chain length (number of carbon atoms from 6 to 18) were used as
individual corrosion inhibitors for Cu, Zn and brasses.?’” Further-
more, stearic (octadecanoic) acid, being the most efficient among
the investigated CAs, was also combined with benzotriazole and
2-mercaptobenzotriazole to produce mixed inhibitor layers showing
both corrosion resistance and hydrophobicity.?®3! Myristic (tetrade-
canoic) acid was also tested as a promising treatment for protection
of copper and bronze artefacts.’>** Long-chain CAs have been pre-
viously used in other studies to fabricate corrosion resistant and/or
hydrophobic surfaces on different metals such as Cu,** Mg,* and
Zn.* Al anodized in sulphuric acid, immersed in myristic acid at
70°C for 30 min and dried at 80°C showed 6 > 150° and was pro-
tective in chloride solution®’* and reduced bacteria attachment.*’
Good corrosion resistance of the coating was ascribed to the forma-
tion of chemically bonded carboxylate, i.e., AI[[CH3(CH,);,COO];.
A similar compound was produced by immersion of Al in myris-
tic acid and AI(NO;); followed by anodization.*! In another study,
aluminum alloy AA6061 was first anodized in phosphoric acid and
then a superhydrophobic coating was formed by electrodeposition in
the solution of stearic acid and Zn(NO3),.*> A coating consisting of
Ce[CH3(CH;)1,COO]; was prepared on Al by electrodeposition from
Ce(NO3); and hexadecanoic acid.* Excellent durability and corro-
sion resistance was noted. Similarly, superhydrophobic coatings were
prepared by boiling in NaOH followed by immersion in lauric (dode-
canoic) acid,* acid etching or anodic oxidation followed by immer-
sion in stearic acid,* and acid etching in HCI followed by hydropho-
bization by ceria-stearic acid deposition,*® or mixture of stearic acid,
N,N’-dimethylformamide (DMF), and water.*’ Boiling of aluminum
alloy AA60603 in water followed by immersion in stearic acid is an
environmentally friendly method which avoids the use of strong acids
and bases.**->° Boiling in water produces a rough surface consisting
of Al,O; x H,O and boehmite (AIOOH) which further react with
stearic acid to form Al[CH3(CH,),,COO]s, as identified by FTIR and
XRD.>

Recently, Wysocka et al. tested several carboxylic acids as corro-
sion inhibitors for Al alloy AA5754 in alkaline media, pH = 11.%!
In contrast to long-chain CAs that are usually used to achieve hy-
drophobicity, they considered CAs with a relatively small number of
C atoms (up to six) and instead focused on the role of the number of
carbonyl and hydroxyl groups. They found that the higher the number
of carbonyl groups, the better the corrosion inhibition effect, whereas
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hydroxyl groups had a smaller effect. In another study aromatic CAs
were used in alkaline 1 M NaOH with 3-bromo benzoic acid showing
the highest efficiency of 79%.%>

Based on the literature survey presented, it can be stated that in pre-
vious studies mainly two types of carboxylic acids were used (tetra-
and octadecanoic) for fabrication of modified layers on Al which were
characterized by EDS, FTIR, XPS, and polarization curves in chlo-
ride solution. The aim of the present work was to address issues which
have not yet been studied in much detail, and to complement the elec-
trochemical study with surface analytical techniques and computa-
tional modelling. A two-step procedure developed by Liu et al. was
followed to prepare a superhydrophobic Al surface.> The first step in-
cludes alkaline etching in 0.1 M NaOH at 90°C to produce micro- and
nano-structured roughness along with the formation of bayerite (8-
Al(OH);3) microneedles, while the second step is immersion in 5 mM
ethanol solution of stearic acid and drying at room temperature. Dual-
scale roughness of bayerite together with low surface energy of stearic
acid accounted for superhydrophobicity with 8 of 167° and o of ~3°.%3
This procedure was the starting point for our study which was upgraded
by a systematic study of the effect of different experimental parame-
ters on the preparation of a superhydrophobic Al surface: cooling in
NaOH, type of CA (from hexanoic to octadecanoic acid), concentra-
tion of CA (from 5 mM to 100 mM) and time of immersion in CA
(from 5 min to 1 h). The morphology of layers formed upon immer-
sion in CAs was characterized using 3D-profilometry, whereas their
wettability was evaluated with water contact angle measurements.
In the literature, the analysis of chemical composition of Al mod-
ified by CAs was mainly performed using EDS,?-4249 XRD,*>%
FTIR,***%4° and high energy XPS spectra*’ or survey XPS spectra.*!*
In the present study, scanning electron microscopy combined with en-
ergy dispersive X-ray spectrometry (SEM-EDS) was applied. X-ray
photoelectron spectroscopy (XPS) and time-of-flight secondary ion
mass spectrometry (ToF-SIMS) were used for chemical surface anal-
ysis, following the same approach as for conversion coatings on Al
alloys.>*>* In addition, adsorption of CAs was modelled with density
functional theory (DFT) calculations in order to better understand the
structure and self-assembly of organic films. A similar computational
approach was successfully applied previously for adsorption of gallic
acid on oxidized aluminum surfaces.’® Finally, the durability of the
superhydrophobic surface was tested along with its self-cleaning and
anti-icing properties.

Experimental

Substrate material and chemicals.— Aluminum (>99.0%) 1 mm
thick flat sheet, distributed by GoodFellow, England, was used as sub-
strate. Samples were cut out in a form of 1 mm thick flat discs with
diameter 15 mm.

For alkaline etching, NaOH (p.a., Labochem International) was
used. For the formation of organic layers the following carboxylic
acids (CAs) were used: hexanoic acid (C¢H;0,, Sigma Aldrich,
99.5%), heptanoic acid (C;H;40,, Fluorochem, 97%), octanoic acid
(CgH40,, Alfa Aesar, 98%), nonanoic acid (CoH30,, Fluorochem,
95%), decanoic acid (C1oH»oO,, Alfa Aesar, 99%), tetradecanoic acid
(C14Hy30,, Fluka, 98.5%) and octadecanoic acid (C;gH3c0,, Acros
Organics 97%). Alcohol solution of carboxylic acids was prepared us-
ing ethanol (absolute for analysis EMSURE). Carboxylic acids (and
their ethanol solutions) were denoted according to the number of car-
bon atoms: CA-6, CA-7, CA-8, CA-9, CA-10, CA-14 and CA-18,
respectively.

Electrochemical measurements were performed in 0.5 M NaCl,
pH = 5.8 (Honeywell Fluka, 99.5%). The following chemicals were
used for the durability test: NaOH (p.a., Labochem International),
NaCl (for analysis, EMSURE) and HCI (Sigma-Aldrich, p.a., > 37%).
Solutions were prepared using Milli-Q Direct water with the resistivity
of 18.2 MQ-cm at 25°C (Millipore, Billerica, MA, USA).

Substrate pre-treatment.—Aluminum samples were first ground
under water using SiC papers up to 2400-grit (LaboPol, Struers),

Downloaded on 2020-01-06 to IP 193.51.253.127 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (11) C3131-C3146 (2019)

etched in alkaline NaOH solution and then modified by immersion in
ethanol solution of carboxylic acid.>® Briefly, 20 mL 0.1 M NaOH was
heated in a flat-bottomed flask (volume 250 mL) using an ISOPAD
heater up to 90°C. The aluminum samples were then immersed in
NaOH solution and heated for 20 minutes at 90°C. The sample was
then cooled down in the same solution to room temperature and rinsed
by ethanol. Samples prepared by this etching procedure are referred
to as “Al”. All samples were treated using this procedure unless stated
otherwise, i.e., when comparing the samples with and without subse-
quent cooling.

Preparation of adsorbed organic layers.—Organic layers of CAs
were prepared by immersion of etched Al samples in ethanol solu-
tion of carboxylic acid, CH3(CH,),COOH, at room temperature. The
sample was hanged in a glass vessel containing ethanol solution of
carboxylic acid using a Teflon thread. After denoted immersion time,
the sample was taken out, rinsed by distilled water, dried in a stream of
N, and used for further measurements. Samples prepared by etching
in NaOH and coated by immersion in ethanol solution of CA are re-
ferred to as “CA-x-Al”, where x denotes the number of carbon atoms
in the carboxylic acid.

The variable parameters were the type of carboxylic acid (CA-
6, CA-7, CA-8, CA-9, CA-10, CA-14 and CA-18), concentration of
carboxylic acid (5, 50 and 100 mM) and time of immersion (15 min,
30 min and 1 h).

Characterization methods.—Electrochemical measurements.—
To record potentiodynamic polarization curves, a three-electrode cell
(K0235 Flat Cell Kit, volume 250 mL Ametek, Berwyn, PA, USA)
was used. Measurements were performed in 0.5 M NaCl at room tem-
perature. A specimen (Al or CA-x-Al) embedded in a Teflon holder
leaving an area of 1.0 cm? exposed to the solution, served as a work-
ing electrode. A silver/silver chloride (Ag/AgCl, 0.205 V vs. stan-
dard hydrogen electrode) was used as a reference electrode and plat-
inum mesh as a counter electrode. Potentials in the text refer to the
Ag/AgCl scale. Measurements were conducted using an Autolab po-
tentiostat/galvanostat Model 204 (Utrecht, The Netherlands). Prior to
measurements, the sample was allowed to stabilize under open circuit
conditions for approximately 1 h, to reach stable, quasi-steady state
open circuit potential (E,.) at the end of the stabilization period. Fol-
lowing stabilization, the potentiodynamic polarization curves were
recorded using a 1 mV/s potential scan rate, starting 250 mV more
negative with respect to E,, and then increased in the anodic direc-
tion. For each sample, measurements were performed at least in trip-
licate. Mean values with standard deviations are given in tables and
a representative measurement was chosen to be presented in graphs.
Corrosion potential (E.,) and corrosion current density (jeor) Were
obtained from an intercept between cathodic and anodic curves using
Nova 1.11.2 software.

Water drop contact angle and surface roughness.—Contact angles
() were determined using a tensiometer Kriiss DSA 20 (Kriiss GmbH,
Hamburg, Germany). The 6 values were measured based on the image
of the deionized water drop with a volume of 8-10 wL on the sample
surface, using Drop-shape-analysis software which enables fitting the
water drop shape and precise determination of the contact angle. Each
value is the average of at least three measurements made at different
locations on the same sample. Mean values with standard deviations
are given.

Surface roughness was measured using a contact profilometer,
model Bruker DektakXT, with a 2 wm tip and in a soft-touch mode
with force 1 mN. The measured surface was 1 mm x 1 mm, the vertical
analysis range 65.5 wm and the vertical resolution 0.167 pwm/point.
Measured data were analyzed with TalyMap Gold 6.2 software. Re-
sults were given as mean surface roughness (S,) % standard deviation.
Each reported value of surface roughness is the average of at least
three measurements made at different locations on the same sample.
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Surface morphology and composition.—The morphology and
composition of modified samples were characterized using the fol-
lowing instruments: (i) field-emission scanning electron microscope
(FE-SEM) (Ultra+, Carl Zeiss, Germany), equipped with energy dis-
persive X-ray spectrometer (EDS) (SDD, X-Max 50, Oxford Instru-
ments, UK); images were recorded at energy 1 kV in LEI mode
(low secondary electron image), (ii) FE-SEM (JSM 7600F, JEOL,
Japan), equipped with EDS (Inca Oxford 350 EDS SDD); images were
recorded at energy from 5 to 15 kV in LEI mode, and (iii) SEM (JSM-
5800, JEOL, Japan), equipped with EDS (Oxford ISIS 300 EDS);
images were recorded at energy 20 kV in SEI mode (secondary elec-
tron image). Prior to analysis, the samples were sputter-coated with
thin Au or Pt layers.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) mea-
surements were performed using a dual beam ToF-SIMS V spectrom-
eter (ION-TOF GmbH, Muenster, Germany). The base pressure in the
analysis chamber is maintained at less than 5.0- 10~° mbar in normal
operating conditions. The total primary ion flux was less than 10'2
ions cm~2 ensuring static conditions. A Bi* primary ion source with
a 1.2 pA current, scanned over a 100 x 100 wm? area was used as the
analysis beam. 2D spectra of negatively charged ions were recorded.
Each sample was analyzed at least twice on different areas of the sam-
ple. Data acquisition and processing were performed using the Ion-
Spec software. The exact mass values of at least five known species
were used for calibration of the data acquired in the negative ion
mode.

X-ray Photoelectron Spectroscopy (XPS) analysis was performed
using two types of instruments. The effect of type of carboxylic
acid was analyzed with a Thermo Electron Escalab 250 spectrometer
at CNRS Chimie-ParisTech, PSL. A monochromated Al Ka X-ray
source (hv 1486.6 eV) was used. The base pressure in the analytical
chamber was maintained at 10~ mbar. The spectrometer was cal-
ibrated using Au 4f;, at 84.1 eV. The take-off angle was 90° and
the analyzed area was a 500 pwm diameter disk. Survey spectra were
recorded with a pass energy of 100 eV at a step size of 1 eV and
high resolution spectra of the C 1s, O 1s, and Al 2p core level regions
were recorded with a pass energy of 20 eV at a step size of 0.1 eV.
Curve fitting of the spectra was performed with the Thermo Electron
software Avantage, using an iterative Shirley-type background sub-
traction. Symmetrical peaks were used. The values of the photoion-
ization cross-sections (oy) at 1486.6 eV were taken from Scofield,”’
and the inelastic mean free paths (\}) were calculated by the TPP2M
formula.>®

The eftect of etching time was analyzed with a PHI-TFA XPS
spectrometer (Physical Electronic Inc.) at JoZef Stefan Institute, De-
partment of Surface Engineering and Optoelectronics. The vacuum
during the XPS analysis was in the range of 10~ mbar. The analyzed
area was 400 pm in diameter and the analyzed depth about 3—5 nm.
X-rays were provided from a monochromatic Al source at photon en-
ergy of hv 1486.6 eV. Survey and high-energy resolution spectra were
recorded. The high-energy resolution spectra were acquired with an
energy analyser operating at a resolution of ca. 0.6 eV and a pass en-
ergy of 29.3 eV. XPS spectra were analyzed by Multipak software,
version 8.0 (Physical Electronics Inc.). During data processing the
spectra were corrected by setting the C 1s peak to binding energy (E})
284.8 eV, which is characteristic of C—C/C—H bonds. The accuracy
of the binding energies was = 0.3 eV. Survey XPS spectra were used
to deduce the elemental composition of the coatings based on the total
intensity of particular element peaks and using values of photoioniza-
tion cross sections (C 1s = 0.857, O 1s = 2.51, Al 2p3;, = 0.332).

Computational details.—Calculations were performed in the
framework of density-functional theory (DFT) using the general-
ized gradient approximation of Perdew-Burke-Ernzerhof (PBE)* and
plane-wave basis set as implemented in the Quantum ESPRESSO®
and VASP®"%2 packages. To better describe lateral intermolecular in-
teractions between carboxylic acids, we used the empirical dispersion
correction of Grimme,?® known as D2. However, given that on oxi-
dized Al substrates Al is in the 43 oxidation state and hence devoid
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OH/AILO/AI(111)
7.1 OH/nm?

AIOOH/AI,04/Al(111)
14.4 OH/nm?

Figure 1. Top- and side-views of the two models used in this study:
OH/AILO/AI(111) [left] and AIOOH/Al,O3/Al(111) [right]. The correspond-
ing supercells are outlined; with respect to Al(111) support these are (4 x 4) for
the OH/AILO/Al(111) model and (g 2) for the AIOOH/Al,O3/Al(111) model.
Note that atoms are drawn on the basis of atomic and not ionic radii: Al (bigger
gray spheres), O (smaller red spheres), and H (smallest white spheres). The
surface OH groups replaced by carboxylate species are indicated with dashed
circles. Terminal OH groups are shown in a lighter red color, while bridging
OH groups are shaded in a darker red color. In the side-views the approximate
thickness of both hydroxylated oxide films is also indicated.

of valence electrons, we set the Cg coefficient of Al to zero. The re-
sults obtained by this scheme will be referred to by the PBE-Dy de-
notation, where the subscript ‘0’ is used as mnemonic to recall that
CeM = 0.

VASP calculations were performed with projector-augmented
wave (PAW) potentials®*® with an energy cutoff of 520 eV. Geome-
try optimizations performed in this work were considered converged
when the forces were smaller than 0.02 eV/A.

Quantum ESPRESSO calculations were performed with the PWscf
code. We used ultrasoft pseudopotentials.®®%” Kohn—Sham orbitals
were expanded in a plane-wave basis set up to a kinetic energy cut-
off of 35 Ry (280 Ry for the charge-density cutoff). Brillouin zone
integrations were performed with the special point technique using a
Methfessel—Paxton smearing of 0.03 Ry.

For both sets of calculations, a dipole correction was applied along
the direction normal to the surface when dealing with surfaces. Molec-
ular graphics were produced by XCRYSDEN graphical package.®

Models of hydroxylated oxidized aluminum surfaces.—Two mod-
els of the hydroxylated oxidized aluminum surface, designated as
OH/AIO/AI(111) and AIOOH/AL,O3/Al(111), were utilized in this
study. The former, OH/AI,O/Al(111), is taken from our previous pub-
lication and is described in greater detail therein.® It is based on ox-
idizing the Al(111) surface with an equivalent of 2 ML of oxygen
atoms along the lines followed by Lanthony et al.”’ The so obtained
ultrathin oxide film is approximately 5 A thick. The topmost oxide
layer is then fully hydroxylated. The surface OH density correspond-
ing to full coverage on this model of the film is 7.1 OH nm~2, which
is slightly lower than is typical for aluminum oxide surfaces.”! In the
current study, the surface model is built from 6 layers of Al(111). All
calculations were performed with a (4 x 4) supercell of Al(111) and
a3 x 3 x 1 k-point grid, employing the previously calculated Al bulk
lattice parameter of 4.04 A; these calculations were performed with
Quantum ESPRESSO. The top- and side-views of this film are shown
on the left side of Fig. 1.

The second model, designated as AIOOH/Al,O5/Al(111), is taken
from another previous publication of ours.”? For the bulk materials,
the bulk lattice constants are a = 4.06 A for Al and a = 9.78 A, b
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=8.32 A and ¢ = 13.56 A for y-Al, O3, in good agreement with ex-
perimental values. The corresponding surface model is built from a

(; 2) supercell of Al(111); the slab consists of 5 metallic aluminum

(111) layers that is supporting a 5 A thick hydroxylated aluminum
oxide film; the model is shown on the right side of Fig. 1. These
calculations were performed with VASP using a 3 x 3 x 1 k-point
grid. The oxide film has a stoichiometry of Al,O, 57 and exhibits a hy-
droxyl density of 14.4 OH nm~2."! It is composed of y-Al,O3(111).
This face is polar, with alternation of O and Al planes. The Al planes
contain Al with either octahedral or tetrahedral coordination. We
showed in our previous work that the oxide layer has an Al octa-
hedral plane at the interface with the metal. Two types of OH groups
are found: terminal OH groups, bound to a single Al ion (40% of the
OH groups), and bridging OH groups, bonded to two Al ions (60% of
the OH groups). The different types of OH groups are also indicated in
Fig. 1.

Durability, self-cleaning, and melting delay tests.—Durability
tests were performed by immersion of Al and CA-x-Al samples in
different solutions and measuring the contact angle of water drop at
the surface at different time intervals (0, 2, 4, 24 and 48 h). The test
was performed in the following solutions: 3.5 wt% NaCl (pH = 5.8),
NaOH (pH = 11) and HCI (pH = 4).

Self-cleaning ability of the surface was demonstrated by spreading
carbon particles at the surface and adding water droplets to cause the
removal of carbon contaminant particles. The images were taken using
a digital camera.

The anti-icing properties were studied on ground Al and etched
Al modified with carboxylic acid using the melting delay time test.
The test was performed with water droplets of 8 WL (Tyyer = 25°C),
which were gently placed on the horizontal aluminum substrate at
room temperature. The samples were then put into the freezer (T =
—20°C) for at least 30 minutes to fully freeze the drops. After the
samples were taken out, they were left at room temperature to melt.
The melting delay times were evaluated by recording the melting times
for drops on non-treated and treated aluminum.

Results and Discussion

Morphology and composition of etched aluminum.—First, the
ground and etched surface will be compared in order to show the
importance of surface preparation for obtaining a superhydrophobic
surface. SEM images, 3D profiles, and water contact angles of ground
Al and Al etched in 0.1 M NaOH are presented in Fig. 2. Ground Al
shows a flat surface but with the presence of various defects related to
grinding with SiC papers up to 2400-grit (Fig. 2a). Based on the 3D
topographic profile the mean surface roughness, S,, of 0.29 & 0.01
pm was determined (Fig. 2b). Ground Al surface exhibited the water
contact angle of 62°. After etching in NaOH, the surface properties
changed: instead of being flat, the surface was hierarchically rough,
showing different patterns from platelets to cones (Fig. 2¢). Roughness
increased from 0.29 £ 0.01 pm to 8.07 &= 0.65 wm (Fig. 2d); at the
same time, the wettability of the surface changed from hydrophilic to
superhydrophilic, i.e., from 6 = 62° to 6 < 5°. Images of water drops
at the surface of ground and etched Al will be presented later in the
text. The change in wettability confirms the behavior according to the
Wenzel model which predicts that for hydrophilic surfaces wettability
increases with increasing surface roughness.>

Morphology of Al surfaces produced by etching in NaOH was
further investigated in more detail. Etching resulted in the formation
of a rough, structured surface layer (Fig. 3a). The bottom layer ex-
hibited platelet-like morphology (Fig. 3b); it is composed of either
Al oxide or, more likely, hydroxide or oxohydroxide (32.7 at.% Al
and 67.3 at.% O), as evidenced by EDS analysis. The Al/O ratio is
0.48, which is close to the stoichiometric values of 0.5 in AIOOH (in
AI(OH); this value is 0.33 and in Al,O; 0.67). Above this platelet-
like layer, micrometer-sized cones (10-20-micrometers in length and
few micrometers in diameter) formed irregularly throughout the
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Sa=0.29 um

C)etched

Figure 2. SEM images and 3-D topography profiles recorded on the surface of (a, b) ground Al and (c, d) Al etched for 20 minutes in 0.1 M NaOH at 90°C and
cooled to room temperature. (b, d) Mean values of surface roughness S, are given. The coloring of roughness is according to the scale on the right (from —12.5 pm
to 22 wm). SEM images were recorded at energy 5 kV in SEI mode.

Figure 3. FE-SEM images of Al after etching for 20 min in 0.1 M NaOH at 90°C and cooled to room temperature: (a) hierarchically rough structure showing
platelet-like bottom layer and micrometer-sized cones, (b) high resolution image of platelet-like bottom layer, (c,d) high resolution images of cones. SEM images
were recorded at energy (a,b) 10 kV and (c,d) 1 kV in SEI mode.
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surface (Fig. 3c). Cones did not completely cover the surface layer thus
forming an “open structure” above a bottom, platelet-like hydroxide
layer. SEM image of cones at higher magnification proved that each
cone was nano-structured, showing terraced, pyramidal-like structure
(Fig. 3d). EDS analysis confirmed that the cones also consisted of Al
hydroxide but with somewhat higher oxygen content (34.5 at.% Al
and 65.4 at.% O) giving the Al/O ratio of 0.53. Hierarchically struc-
tured Al hydroxide was superhydrophilic with water contact angle (0)
below 10°.

The mechanism of formation of Al-hydroxide includes fast etching
of Al by OH™ ions from solution and evolution of hydrogen bubbles
according to:>?

Journal of The Electrochemical Society, 166 (11) C3131-C3146 (2019)

Fast etching is followed by the reaction of hydroxide ions with CO,
from air and formation of p-Al(OH);:

2A1(OH); +CO, — 2 BAI(OH), + COI™ + H,0 2]

As the concentration of available CO, is low,> the kinetics is slow and
the mechanism of hydroxide formation changes from initial heteroge-
neous nucleation throughout the surface (platelet-like morphology) to
anisotropic growth of $-Al(OH); nuclei which results in cone forma-
tion. This process proceeds very slowly, presumably during cooling,
as will be shown below.

The composition of the etched layer was further analyzed using
XPS and ToF-SIMS. XPS spectra recorded on the etched Al surface
are shown in Fig. 4 (spectrum denoted as Al). The survey spectrum

2A1+20H™ 4+ 6H,O — 2A1(OH), + 3H, [1] shows that the main elements at the surface are aluminum, oxygen and
s a) O1s
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Figure 4. (a) XPS survey spectra of Al after etching for 20 minutes in 0.1 M NaOH at 90°C, cooled to room temperature (curve labelled as Al) and after subsequent
immersion for 30 minutes in 5 mM ethanol solution of octanoic (CA-8-Al) and octadecanoic acid (CA-18-Al). High energy resolution spectra are also given: (b)
Al 2p, (c) O 1s and (d) C 1s. The position of the spectra was corrected according to the binding energy of C 1s peak at 285.0 eV. Spectra were not normalized

regarding the intensity scale.
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Figure 5. ToF-SIMS spectra for (a) Al after etching for 20 minutes in 0.1 M NaOH at 90°C and cooled to room temperature, and Al after etching in 0.1 M NaOH
and immersed for 30 minutes in 5 mM ethanol solution of (b) octanoic acid (CA-8) and (c) octadecanoic acid (CA-18).

carbon (Fig. 4a); a small concentration of sodium was also detected.
The Al 2p core level spectrum presents a peak centered at 74.2 eV
(Fig. 4b) and is assigned to aluminum hydroxide species.”® The O 1s
peak centered at 532 eV is assigned to hydroxide species (Fig. 4c).
The C 1s core level spectrum (Fig. 4d) can be decomposed into two
components assigned to carbon bonded to carbon and hydrogen (C-C
and C-H) at 285 eV and carbon making one double bond and one single
bond with oxygen (O=C-O) in the carboxyl group at 289.3 eV.”* The
presence of carbon is associated with an adventitious contamination
layer.

A ToF-SIMS spectrum recorded on etched Al is taken as a ref-
erence for further analysis (Fig. 5a). For samples etched in sodium
hydroxide and not exposed to carboxylic acids afterwards, the char-
acteristic peaks associated with octanoic acid at mass to charge ratio
m/z = 143, and with stearic acid at m/z = 283 are not detected.

Morphology and composition of etched aluminum immersed in
ethanol solution of CA.— After immersion of the etched Al sample in
ethanol solution of CA, no significant changes can be observed using
SEM and FE-SEM. Examples of SEM images recorded for etched
Al, and etched Al immersed in ethanol solution of carboxylic acids
(CA-7-Al, CA-10-Al and CA-18-Al) are shown in Fig. SI-1. Surfaces
therefore retained their micro- and nano-features also after immersion
in ethanol solution of CAs. Composition determined by EDS analysis
at the cones (30.9 at.% Al and 69.1 at.% O) was similar to that mea-
sured on etched Al corresponding to Al hydroxide. The presence of
organic species originating from immersion in CAs could not be iden-
tified due to the fact that the layer formed was too thin to be detected
by EDS for which the sampling depth is in the micrometer range.
However, the presence of an organic layer can be indirectly confirmed
by the gradual change in wettability as the length of the alkyl chain of
CA increases, i.e., the surfaces of CA-7-Al, CA-8-Al, CA-9-Al and
CA-10-Al were hydrophilic, that of CA-14-Al was hydrophobic, and
CA-18-Al was superhydrophobic (Fig. SI-1).

More appropriate techniques to determine the composition of the
thin surface layers are XPS and ToF-SIMS. XPS spectra recorded
on the Al etched surface exposed to CA-8 and CA-18 are shown in
Fig. 4 (spectra denoted CA-8-Al and CA-18-Al), respectively. Sur-
vey spectra (Fig. 4a) show that the main elements at the surface are
aluminum, oxygen and carbon. Compared to etched Al (spectrum de-
noted Al), however, the spectrum recorded after exposure to CA-8 and,
especially, to CA-18, exhibited a significantly larger concentration of
carbon, confirming that organic acids were adsorbed on the surface.

The Al 2p and O 1s core level spectra of etched aluminum im-
mersed in CA-8 and CA-18, present peaks centered at 74.2 eV and
532 eV, respectively, similar to etched Al (Figs. 4b and 4c). These
peaks are associated with aluminum hydroxide species as for the ref-
erence sample of etched Al. The C 1s core level spectrum (Fig. 4d) was
decomposed into two components assigned to aliphatic carbon (C—C
and C-H) at 285 eV and carbon with a double and a single bond with
oxygen (O=C-0) in carboxyl groups at 289.3 eV. On the Al etched
surface a small contribution at higher binding energy (290.2 eV) is
attributed to carbonate species. In the presence of CA-18 the peak
related to aliphatic carbon at 285 eV increased considerably, which
seems reasonable due to its long aliphatic tail.

Table I compares the (C—C and C-H)/O=C-O atomic ratio ob-
tained on surfaces exposed to octanoic and octadecanoic acids to the
stoichiometric ratio. For octanoic acid the experimental (C—C and
C-H)/O-C=0 atomic ratio was considerably lower than the stoichio-
metric value of 7 meaning that carbonaceous species at the surface are
not related only to octanoic acid but probably to a mixture of octanoic
acid and carbonaceous contamination. Contamination by C-C and O—
C=O0 species was observed on the reference sample surface as well. In
contrast, after exposure to octadecanoic acid the experimental ratio is
in good agreement with the stoichiometry of the CA-18 molecule and
suggests that carbonaceous contamination was replaced by adsorption
of octadecanoic acid.

Assuming a simple model consisting of an aluminum hydroxylated
layer covered with octanoic and octadecanoic acid molecules bounded
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Table I. The (C-C and C-H)/O-C=O0 atomic ratio obtained on
etched Al for 20 minutes in 0.1 M NaOH and then immersed for
30 minutes in 5 mM ethanol solution of octanoic and octadecanoic
acid, respectively (labelled as CA-8-Al and CA-18-Al), as deduced
from XPS spectra in Fig. 4. Values for stoichiometric ratios in
octanoic and octadecanoic acids are also given.

(C-C and C-H)/ O—C=0 atomic ratio

Sample experimental stoichiometric
CA-8-Al 37 7
CA-18-Al 17.4 17

perpendicularly to the surface (length of the octanoic acid and octade-
canoic acid molecules are 1.1 nm and 2.3 nm, respectively), the cover-
age of the surface can be estimated taking into account the intensities
of aluminum and carbon peaks:’>

AI(OH) AI(OH)3 jHAI(OH), d
I, 3 — Yko ANy wDAl 3Ta exp <——)\mg)
Al

+ (1 = y) ko DY Ty 3]

. d
Igrg — ykc"cr“XngDngTc (1 —exp <_W>> [4]
C

with I the intensity of photoelectrons emitted by the element X (in the
considered core level) in the substance Y, k a constant characteristic
of the spectrometer, oy the photoionization cross-section of the core
level of the element X, M} the inelastic mean free path of photoelec-
trons emitted by the core level of the element X in the matrix Y, D the
density of the element X in the matrix Y, Ty the transmission function
of the core level of the element X, d the thickness of the organic layer,
and vy the coverage. The volume number density of C atoms in the
organic film (D*) was estimated from DFT calculations by assum-
ing a perpendicular orientation of CA molecules and a full monolayer
coverage of 4.72 nm~2; the resulting densities are 0.065 mol cm~> and
0.066 mol cm~ for CA-8 and CA-18, respectively. By assuming that
CA molecules adsorb upright to the surface, the coverage is estimated
to about 65% after immersion in octanoic acid and 100% after immer-
sion in octadecanoic acid. The octanoic acid coverage is overestimated
because of the presence of carbonaceous contamination at the surface.

ToF-SIMS spectrarecorded on an alkaline etched Al and immersed
in CA-8 and CA-18 are shown in Figs. 5b and 5c. In contrast to the
reference sample of etched aluminum (Fig. 5a), the samples exposed
to carboxylic acids show characteristic peaks associated with octanoic
acid (m/z = 143 assigned to CgH;50,~ ion) and stearic acid (m/z =
283 assigned to C;sH350,7 ion). Ions associated with short aliphatic
chains, such as CH,~, CH;~, and C,H, ™, are also identified in the
mass spectra (not shown). They are assigned to the contamination layer
present on the etched Al reference sample after storage and transfer
to the spectrometer. Thus, ToF-SIMS analysis confirms that after im-
mersion in octanoic and octadecanoic acid, a layer of the respective
acid is formed at the surface of etched Al.

Effect of etching parameters on the properties of aluminum prior
and after immersion in ethanol solution of CA.—The effects of dif-
ferent parameters of etching and immersion in ethanol CA solution on
the morphology and composition of the organic layers formed were
investigated, in particular: (i) surface preparation, i.e., grinding and
etching, prior to immersion in CA solution, (ii) cooling step follow-
ing etching in NaOH, (iii) etching time in NaOH, (iv) concentration
of CA solution, and (v) immersion time in CA solution. First, the
ground and etched surface will be compared in order to show the
importance of surface preparation for obtaining a superhydrophobic
surface. SEM images and 3D profiles confirm that the morphological
and topographical properties of ground and alkaline etched Al differ
considerably (Fig. 2), as well as their wettability properties. In order
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Figure 6. Potentiodynamic polarization curves recorded in 0.5 M NaCl for
ground Al, Al etched for 20 minutes in 0.1 M NaOH at 90°C and cooled
to room temperature, and ground and etched Al immersed in 5 mM ethanol
solution of octadecanoic acid (CA-18) for 30 minutes. Scan rate was 1 mV/s.
Images of water drop at the surface are given in the inset.

to check how surface preparation affects the subsequent adsorption of
organic acid, both ground and etched Al were immersed in CA-18 so-
lution for 30 minutes. Water contact angles were then measured and
potentiodynamic curves were recorded in 0.5 M NaCl (Fig. 6). Prior
to immersion in CA-18 solution, 6 was 62° £ 1° and <5° for ground
and etched Al, respectively, whereas after immersion it increased to
138° + 1° and 155° % 1°. Therefore, the ground surface became hy-
drophobic and the etched surface superhydrophobic. The images of
water drops on ground and etched surface treated by CA-18 clearly
show the difference in wettability of the two surfaces, i.e., the contact
area between water drop and metal surface is much smaller for the
etched surface than for the ground surface (inset in Fig. 6).

Polarization curves of ground Al and Al etched in NaOH for
20 minutes are typical for metals that are poorly corrosion resistant
in chloride containing solution (Fig. 6). The cathodic curve is related
to reduction of oxygen and the anodic curve to dissolution of Al'*
The corrosion potential (E.,,,) of ground and etched Al was located at
—0.74 V and —0.78 V, respectively. Immediately following E.,, the
current density increased abruptly indicating anodic dissolution of Al
in chloride solution. Etched Al showed larger current densities than
ground Al (3.05 pA cm~2 and 0.44 A cm™2, respectively), presum-
ably due to the larger active surface area (electrochemical parameters
deduced from polarization curves are presented in Table II). For the
ground Al sample, pre-immersed in CA-18 solution, the current den-
sity in NaCl was reduced and E.; shifted to a somewhat more positive
value, —0.64 V (Fig. 6, Table II), presumably due to the presence of
the organic layer on the surface. However, the shape of the curve
remained quite similar to that of ground Al. In contrast, a significant
difference was observed for the CA-18-Al etched sample. The j o Was
smaller by two orders of magnitude and in the anodic range a broad
plateau of pseudo-passivity appeared extending up to the breakdown
potential (Epeax) of 0.63 V. This plateau reflects the barrier property of
the surface layer formed upon immersion of etched Al in CA-18 so-
lution. Such a plateau was not observed for ground Al immersed in
CA-18, which proves that surface preparation is essential for achiev-
ing not only superhydrophobicity but also barrier properties of the
surface. Note that the ground CA-18-Al sample, though hydrophobic
(6 = 138° £ 1°), is not superhydrophobic and does not display barrier
properties.

Next, the role of the cooling step following the etching step was
considered (Fig. SI-2). Etching in NaOH produced a hierarchical sur-
face with micrometer-sized cones only when the samples were left to
cool down in the NaOH solution to room temperature (Fig. SI-2a).
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TableII. Electrochemical parameters (corrosion current density (jcorr), corrosion potential (E¢orr), breakdown potential (Eypreak) and passive range
(AE = |Epreak — Ecorr|)) deduced from potentiodynamic polarization curves (Figs. 6 and 10) recorded for pristine (labelled as Al) or CA covered
Al samples (CA-x-Al) that were either ground or etched for 20 min in 0.1 M NaOH at 90°C. Results are presented as mean =+ standard deviation.
Ground Al was immersed in 5 mM ethanol solution of CA-18, whereas etched Al samples were immersed in 5 mM ethanol solution of CA of

different lengths. The wettability of the surface is also denoted.

Sample / Type of carboxylic

acid Jeorr / WA cm ™2 Ecorr vs. Ag/AgCl/V  Epreak Vs. Ag/AgCl/V AE/V Wettability
Al ground 0.44 £ 0.06 —0.74 £ 0.01 - hydrophilic
CA-18-Al ground 0.30 £ 0.01 —0.64 +£0.02 - hydrophobic
Al etched 3.05 +£0.21 —0.78 £0.01 - superhydrophilic
CA-6-Al etched 6.07 £ 0.03 —0.75 £ 0.01 - hydrophilic
CA-7-Al etched 8.35+0.49 —0.73 £ 0.01 - hydrophilic
CA-8-Al etched 2.10 £ 0.31 —0.73 £ 0.04 - hydrophilic
CA-9-Al etched 224 +£0.53 —0.75 £ 0.01 - hydrophilic
CA-10-Al etched 0.14 £ 0.01 —0.75 £ 0.01 - hydrophilic
CA-14-Al etched 0.05 £ 0.01 —0.63 £0.10 0.17 £ 0.08 0.80 hydrophobic
CA-18-Al etched 0.07 £ 0.01 —0.63 £ 0.05 0.54 £0.13 1.17 superhydrophobic

This may be related to slow kinetics of Al hydroxide formation and
anisotropic growth in the form of cones due to low concentration of
CO;, in the solution.>? Following immersion in CA-18 solution, both
samples were superhydrophobic but only the sample that was etched
and cooled down in NaOH showed a broad plateau of pseudo-passivity
(up to 0.63 V). For the sample that was not cooled down in NaOH the
extent of this range was significantly narrower (up to —0.2 V). These
results confirm that surface morphology and topography are impor-
tant for adsorption of CA and subsequent barrier protective proper-
ties. This observation was elaborated further by studying the effect of
etching time on surface roughness and electrochemical behavior. The
parameters of immersion in ethanol CA-18 solution were kept con-
stant (concentration 5 mM, immersion time 30 min) and samples were
prepared using different etching times in NaOH (5, 10, and 20 min-
utes). Potentiodynamic polarization curves for Al samples etched for
different etching times in NaOH and then immersed in CA-18 were
recorded in 0.5 M NaCl (Fig. 7). For reference, the results for ground
and etched Al not immersed in CA-18 are also reported and were
already discussed (Fig. 2). The surface roughness increased depend-
ing on the etching time, i.e., from 0.29 £ 0.01 pwm for ground Al, to
0.76 £ 0.05 wm, 1.41 4+ 0.05 pwm, and 8.07 & 0.65 m after 5, 10, and
20 minutes of etching, respectively (3D profiles for the first and last
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Figure 7. Potentiodynamic polarization curves recorded in 0.5 M NaCl for
ground Al, Al etched for 20 minutes in 0.1 M NaOH, and Al etched for 5,
10 or 20 minutes in 0.1 M NaOH at 90°C and cooled to room temperature,
and then immersed in 5 mM ethanol solution of octadecanoic acid (CA-18)
for 30 minutes. Scan rate was 1 mV/s. Image of water drop at the surface after
30 minutes immersion in CA-18 is given in the inset.

are shown in Fig. 2). When etching in NaOH for 5 or 10 minutes, and
subsequently immersing the sample in CA-18, the shape of the curves
did not change significantly compared to the reference sample not ex-
posed to CA-18 (Fig. 7). Only when prior etching was 20 minutes, the
subsequent immersion in CA-18 substantially affected the polariza-
tion curve and the pseudo-passivity plateau was formed. Etching time
in NaOH affected also the wettability of the surface: superhydrophilic
Al samples etched in NaOH for 5 or 10 minutes became hydrophilic
after immersion in CA-18. After being etched in NaOH for 20 min-
utes, subsequent immersion in CA-18 resulted in a superhydrophobic
surface and exhibited a broad pseudo-passivity region (Fig. 7).

In order to investigate whether the etching time in NaOH affects
only the topography (Fig. 2) or also the chemical composition of the
surface layer, we analyzed the samples by XPS analysis. The layer
contained Al, O and C as main elements (Fig. 8, Table III). The position
of XPS peaks was not significantly affected by the etching time. In
the Al 2p spectra the position of peak center confirms the presence of
Al hydroxide regardless the etching time (Fig. 8a). The center of O 1s
peak at 531.4 eV corresponds to the presence of a hydroxylated surface
(Fig. 8b). We tried to deconvolute these spectra using component peaks
of oxide, hydroxide and adsorbed water (at cca. 529.5 eV, 531 eV, and
532.5 eV) but the results were not sufficiently conclusive to reliably
state that etching produced a more hydroxylated surface (i.e., larger
hydroxide component peak). The Al/O ratio ranges between 0.37 and
0.42 (Table I1I), depending on the etching time, thus being between the
stoichiometric Al/O ratio of AI(OH); and AIOOH (Table III). These
values are similar to those obtained by EDS analysis (Figs. 3c, 3f and
3g). By increasing the etching time, the fraction of Al and O increased
and that of carbon decreased (Table III). The latter is due to the decrease
in the aliphatic carbon (C-C and C-H) at 284.8 eV, while the peak
related to carboxyl groups at 289.3 eV remained similar (Fig. 8c).

Based on the results presented it can be stated that the etching in
NaOH results in the formation of a hydroxylated Al surface; etch-
ing time primarily affects the surface topography while the composi-
tion (Al/O ratio) remains similar, at least based on the XPS results.

Table III. The composition of surface layers deduced from XPS
survey spectra recorded for Al etched in 0.1 M NaOH for 5, 10, and
20 minutes (Fig. 8). The Al/O ratios, deduced from atomic %, are
also given. For comparison, the stoichiometric Al/O ratios are 0.67
in AL,O3, 0.5 in AIOOH, and 0.33 in Al(OH)3.

Composition / atomic %

Etching time / min Al (6] C Ratio Al/O
5 21.3 57.2 21.4 0.37
10 25.0 65.7 9.3 0.38
20 27.7 65.5 6.8 0.42
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Figure 8. High energy resolution XPS (a) Al 2p, (b) O 1s and (c) C 1s spectra of aluminum etched in 0.1 M NaOH for 5, 10 and 20 minutes at 90°C and cooled
to room temperature. Spectra were not normalized on the intensity scale. The position of the spectra was corrected according to the binding energy of C 1s peak at

284.8 eV.

Due to large roughness of the surface and a strong charging effect,
a dissymmetry of the XPS peaks and a shift of binding energy was
observed. Further, sputtering process proceeded non-homogeneously
over the surface due to large topographical differences at the surface
and, consequently, the measured spectra included contributions from
both sputtered and non-sputtered area. At the present point of the in-
vestigation, we cannot entirely explain the decrease in carbon content
as a function of etching time; it may be related to kinetics of forma-
tion of Al hydroxide during the cooling step, Eq. 2, or, perhaps, the
hydroxylated layer formed during etching is less susceptible to carbon
contamination.

Electrochemical properties of etched aluminum immersed in
ethanol solution of CA: effect of concentration, chain length and
time of immersion.—Potentiodynamic polarization curves in 0.5 M
NaCl were recorded for etched Al immersed in ethanol CA solution
of different concentration, immersion time and length of alkyl chain.
First, the effect of concentration was addressed. For the constant etch-
ing time in NaOH of 20 min, the effect of concentration of CA-8 and
CA-18 acids was studied for a constant immersion time (30 min). By
increasing concentration of CA-8 (from 5 mM to 100 mM) the current
density in cathodic and anodic range decreased, being the smallest for
the highest concentration (Fig. 9a). Eq, did not shift considerably indi-
cating that the adsorbed organic layer acts like a barrier layer. However,
no pseudo-passivity range was established for CA-8-Al regardless of
concentration. In contrast, for all CA-18 concentrations studied, the
polarization curves had a similar shape with a broad pseudo-passivity
range (Fig. 9b). The breakdown potential was 0.54 4+ 0.13 V at 5 mM
CA-18, and shifted to ca. 0.8 V at 100 mM, possibly indicating better
stability of the self-assembled organic layer formed in more concen-
trated CA solution. However, it seems that in the case of long car-
boxylic acids, such as CA-18, the concentration has a less significant
role on surface properties than the time of etching in NaOH (Fig. 7). It
is noteworthy that the solubility of CA-18 in ethanol is limited at room
temperature (62.3 mM at 20°C).”% It seems, therefore, that for shorter
carboxylic acids such as CA-8, concentration is more important than
for longer ones. The effect on the water contact angle also differed.

Whilst for CA-18-Al the surface was for concentrations higher than
SmM (Fig. 9b), CA-8-Al was hydrophilic at 5 mM and hydrophobic
at 50 and 100 mM (Fig. 9a).

Further, the effect of immersion time in ethanol solution of CA-
18 was studied. The surface became superhydrophobic already after
5 minutes immersion. All polarization curves showed similar shape; at
longer immersion time the values of current density were smaller but
the breakdown potentials were not significantly different (Fig. SI-3).
Given that 30 minutes immersion in CA resulted in good performance,
it was chosen for practical reasons for further measurements.

The effect of alkyl chain length of CAs on the polarization curves
in NaCl was studied at an etching time of 20 minutes in NaOH, 5 mM
concentration, and 30 minutes immersion time in ethanol CA solu-
tion (Fig. 10). Carboxylic acids ranging from CA-6 to CA-18 were
investigated. Relevant corrosion parameters deduced from polariza-
tion curves are presented in Table II together with the type of surface
wettability. Shorter CAs, CA-6 and CA-7, acted as corrosion acti-
vators as the jo, values were larger than that of ground and etched
Al. E,,; remained similar. For CA-8-Al, CA-9-Al and CA-10-Al, the
Jeorr Values were reduced, especially for the latter. E, still remained
similar to that of etched Al. The surface wettability changed from
superhydrophilic to hydrophilic. For etched CA-14-Al and CA-18-
Al, however, the shape of polarization curves changed compared to
uncoated, ground and etched: the j.., values were reduced by two
orders of magnitude Al, E..,, shifted to more positive values, and a
broad pseudo-passive range was established. This pseudo-passivity
range, calculated as AE = |Epreac — Ecorr|, €xtended over about 0.80 V
and 1.17 V for etched CA-14-Al and CA-18-Al, respectively (Ta-
ble II). The surface wettability changed to hydrophobic for etched
CA-14-Al and to superhydrophobic for etched CA-18-Al. Adsorbed
organic molecules with longer alkyl chain obviously act as a barrier
over the aluminum surface and protect it from corrosion attack in chlo-
ride solution. It was reported that the presence of an adsorbed layer
of myristic’’*! or stearic acid*>*’*>*" caused a reduction of corro-
sion current density but, to the best of our knowledge, in none of the
published studies such broad extent of the pseudo-passivity region
was observed. In general, corrosion resistance of a superhydrophobic
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Figure 9. Potentiodynamic polarization curves recorded in 0.5 M NaCl for Al
etched for 20 minutes in 0.1 M NaOH at 90°C, cooled to room temperature,
and then immersed in ethanol solution of (a) octanoic acid (CA-8) and (b)
octadecanoic acid (CA-18) of different concentrations (5, 50 and 100 mM) for
30 minutes. Scan rate was 1 mV/s. Values of water drop contact angles are
given in insets as mean =+ standard deviation.
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Figure 10. Potentiodynamic polarization curves recorded in 0.5 M NaCl for Al
etched for 20 minutes in 0.1 M NaOH at 90°C and cooled to room temperature
without and with immersion in 5 mM ethanol solution of carboxylic acids of
different chain length (CA6 — CA18) for 30 minutes. Scan rate was 1 mV/s.

3.54 nm™ 4.72 nm™2
E,ge = -0.25 J/m? E,gs = —0.26 J/m?
Eobs S
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E,.4s = —0.44 eV/molecule E.4s = —0.35 eV/molecule

Figure 11. Side-views of SAM of CA-8 on the two surface models for the
two investigated coverages (3.54 nm~2 and 4.72 nm~2). Note that the tilting
angle is greater for the low coverage 3.54 nm~2 case. The adsorption energy per
molecule is also more exothermic for the low coverage case (—0.44 eV) than for
the high coverage case (—0.35 eV), however, the total adsorption energies per
surface area are almost degenerate, —0.25 J/m? and —0.26 J/m?, respectively.

surface is attributed to (i) isolation or significant reduction of con-
tact area between metal substrate and corrosive environment and to
(ii) capillarity effect which predicts that the corrosive liquid would be
forced out of the pores of the superhydrophobic surface thus protecting
it from an aggressive environment.'>7’

Computational modelling.—To better understand the adsorption
of carboxylic acids and their organization within the adsorbed mono-
layer, PBE-D, adsorption calculations of CA-8 and CA-18 molecules
were undertaken on two different models of the hydroxylated oxidized
Al surface, as described in the computational details. Two models were
used because they have different surface OH densities, i.e., 7.1 and 14.4
OH/nm? for OH/Al,O/Al(111) and AIOOH/Al,03/Al(111) model, re-
spectively. Note that surface OH density is thought to be one of the
determining factors in the adsorption of organic molecules, including
carboxylates, through an acid-base mechanism.”8-3¢

Due to different density and site distribution of surface OH
groups on the two surface models, and taking into account the
steric footprint of the carboxylic head-group, the maximum reach-
able CA surface coverage on them is different. In particular, the
CA coverage on OH/AI,O/Al(111) can reach 3.54 nm~2 and on
AIOOH/AL,03/Al(111) it can reach 4.72 nm~2. The latter density is
similar to the density of self packed alkane chains (4.8 nm~2);%! the
value obtained from experimental crystal structure of polyethylene®
corresponds to 5.8 nm~2. Note that our experimental XPS data are
compatible with a full monolayer of carboxylic acids adsorbed (close
to) perpendicular to the surface (Fig. 4). However, it is worth mention-
ing that the uncertainties in the XPS quantification data do not allow
precise determination of the tilt angle.

It is well known that the optimization of the lateral interactions
between alkyl chains in the self-assembled-monolayer (SAM) in-
duces a tilting of the chains.®*®> The tilting of the alkyl chains of
CA is expected to be appreciable at lower coverages as to reduce
the inter-chain distances and thus optimize lateral interactions.®? In a
recent publication®® it was suggested that the tilting angle increases
as the coverage decreases by a quadratic dependence. The tilting of
the molecules is indeed confirmed by current PBE-D,, calculations,
as evident from Table IV, which tabulates the CA tilt angles and
respective adsorption energies at two different coverages. At lower
3.54 nm~? coverage the tilting angles, measured with respect to sur-
face normal, range from 45° to 55°, whereas at high 4.72 nm 2 cov-
erage they range from 25° to 35°. The two tilting angles are also
indicated in Fig. 11, which shows the structure of adsorbed SAM of
CA-8 on OH/AI,O/Al(111) model at coverage of 3.54 nm~2 and on
AIOOH/AL,053/Al(111) model at coverage of 4.72 nm~2. We remark
that the tilting angles reported in Table IV are likely slightly overes-
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Table IV. PBE-D, calculated average adsorption energies per molecule (in eV) and total adsorption energies per unit surface area (in J/m?2)
of octanoic (CA-8) and octadecanoic (CA-18) acids at coverages of 3.54 and 4.72 nm~2 on two surface models of the hydroxylated oxidized Al
surface. Molecular titling angles, measured against the surface normal, are also reported. The reported adsorption energies of CAs correspond
to the condensation reaction, Eq. 5. For comparison also the plain adsorption energy of ethane, Eq. 7, used as a simple model of carbonaceous

contamination, is reported at full coverage.

Molecule Surface model Coverage (nm~2) Tilt angle (°) Eqgs (€V) Eaas (J/m?)
CA-8 OH/AI,O/AI(111) 3.54 452 —0.44% —0.25%
AIOOH/ALO3/Al(111) 3.54 50b —0.44> —0.25"
472 25b —0.35° —0.26"
CA-18 OH/ALLO/Al(111) 3.54 552 —1.45% —0.82¢
AIOOH/AL, O3/Al(111) 3.54 50b —1.52° —0.86"
472 35b —1.17° —0.88"
C,Hg AIOOH/AL, O3/Al(111) 4.72 parallel® —0.26" —0.20°

4Calculated with Quantum ESPRESSO.
PCalculated with VASP.

timated due to the following two reasons: first, PBE-Dj slightly over-
estimate the van der Waals bonding between alkyl chains, because the
PBE-D, predicted nearest-neighbor interchain distance between alkyl
chains (4.0 A) in the polyethylene crystal is shorter than the experimen-
tal value (4.3 A); notice that smaller optimal interchain distances re-
sult in more tilted molecules and thus larger titling angles. Second, we
modelled the SAM as totally ordered structure with rigid alkyl chains
(structural relaxation performed at 0 K), thus enforcing a rigid picture
of the system which obviously includes some degree of freedom.

Table IV also reports adsorption energies. For CAs these corre-
spond to the condensation reaction:

R-COOH + OH* — R-COO* + H,0, [5]

where OH* stands for a surface OH group and R—COO* for adsorbed
carboxylate. The corresponding average adsorption energy is calcu-
lated as:

Eags = 1/n[E,rcoo/siap + nEm0 — Eonystab — nErcoonl,  [6]

where n is the number of adsorbed carboxylates per supercell,
E,rcooysiab 18 the energy of the carboxylate—slab system and Eopygiap 1S
the energy of the pristine hydroxylated slab. Ey,0 and Ercoon are ener-
gies of standalone water and carboxylic acid molecules, respectively.
As a simple model of carbonaceous contamination we consider the
plain adsorption of ethane (C,Hg) and the corresponding adsorption
energy is calculated as:

Ewss = 1/n[Eucanejon/sian — Eonystas — nEcaus], [7]

where the energy terms have analogous meaning to the ones described
above. No chemical bond is formed between ethane and the surface,
hence the molecules are lying on the surface forming a physisorbed
layer parallel to the surface.

Table IV reveals that the adsorption of CA via the condensation
mechanism is exothermic for all considered cases. The two surface
models yield relatively similar adsorption energies at a coverage of
3.54 nm~2, i.e., —0.44 eV for CA-8 and about —1.5 eV for CA-
18. Several important observations are to be made from the table: (i)
the magnitude of adsorption energies increases with increasing chain
length, i.e., |[E,s(CA-18)| is in general larger than |E,4(CA-8)|. Fur-
ther analysis reveals that the increased stability of larger molecules

Table V. PBE-Dy calculated values of Eags (at T = 0 K) as well
as TASyot4trans and GElimated yalyes (calculated with Eq. 8 at T =
298 K and p = 1 atm) for the condensation adsorption of CA-8 and
CA-18. The values of E,qs are taken from Table IV and are here
reported as [from, to] range.

Molecule Eqqs (V) TASrot+trans (€V) Gz(s]l:mated eV)
CA-8 [—0.35, —0.44] —0.34 [—0.01, —0.10]
CA-18 [—1.17, —1.52] —0.43 [—0.74, —1.09]

is due to cohesive lateral interactions within the adsorbed monolayer.
In particular, for longer alkyl chains each CH, group strengthens the
cohesion within the adsorbed SAM by about 0.1 eV/molecule due to
dispersion London interactions (notice from Fig. 11 the close-packing
of alkyl chains in the SAM), whereas the interaction between carboxyl
headgroup and surface is not significantly affected by the alkyl chain
length. (ii) Although the average adsorption energy per molecule is
more exothermic for lower 3.54 nm~2 coverage, the magnitude of total
adsorption energy is marginally larger for the full 4.72 nm~2 coverage
(the reason is that more molecules are adsorbed per unit area), indi-
cating that the formation of a full monolayer is, in principle, viable.
(iii) The total adsorption energy of CA-8 at full coverage is similar
to that of ethane, used as a simple model of carbonaceous contami-
nation. This implies that for CA-8 the thermodynamic driving force
for displacing carbonaceous contamination from the surface during
adsorption is weak.

It is further worth noting that although the reported E 45 of CAs
are only moderately exothermic, the bonding of carboxylates to Al
substrates is nevertheless very strong, above 5 eV.* The reason is that
the values of E,qs correspond to the condensation reaction, Eq. 5, and
therefore do not reflect the chemisorption bond strength, because they
also contain the cost for breaking the bonds; note that adsorption via the
condensation reaction involves both bond-breaking and bond-making.

A drawback of the results presented in Table IV is that they were ob-
tained at 0 K, hence they do not contain thermal corrections to energy
and entropy. In this respect, by far the most computationally inten-
sive task is the calculation of the vibrational modes.” However, we
noticed in our previous studies of condensation adsorption of silanols
on oxidized Al surfaces®¥” that vibrational contributions by and large
cancel out between reactants and products and as a first approximation
they can be neglected. The main thermal contribution to adsorption
free energy therefore stems from roto-translational effects, which are
relatively straightforward to calculate by using the ideal-gas approxi-
mation and the rigid-rotor model. We can thus estimate the adsorption
free energy as:
esmated (175 T) ~ Eads (0) - TASroHrlrans ([77 T) [8]

ads

where E,4(0) is the condensation adsorption energy calculated at 0 K
by Eq. 6 and ASiowtuans 18 the roto-translational change in entropy
during the reaction. Eq. 8 omits the pV term and roto-translational
contributions to thermal energy, because these cancel out for the con-
densation reaction during which the CA molecule is immobilized and

2The carboxylate—surface bond strength is calculated as D = Ercoo + Esiab — ErCOO/s1abs
where Ercoo is the total energy of isolated RCOO radical (i.e., a molecule with the H atom
stripped from the COOH group) computed with a spin-polarized calculation, ErRcooysiab 1S
the total energy of the carboxylate—surface system, and Eg,p is the energy of the surface
without the carboxylate.

YThe current surface models are sufficiently large to make vibrational calculations com-
putationally too demanding for computer resources at our disposal.
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Figure 12. At a given surface density of adsorbed carboxylates, the effective coverage increases with the length of the alkyl chain. Top row shows the top-view
of PBE-Dy optimized adsorption configurations of CA-2, CA-5, CA-8, and CA-18 at the surface density of 3.54 nm~2 on the OH/Al,O/Al(111) model. At this
coverage the molecules with shorter alkyl chains do not completely cover the surface (notice uncovered patches of the surface). However, for molecules with longer
alkyl chains (e.g. CA-18) the surface is effectively covered due to molecular tilting. This effect is schematically depicted by side-view sketches in the bottom row.

an H,O moleculeisliberated. At T=298 K and p = 1 atm, the TS,oi+rans
term for H,O, CA-8, and CA-18 molecules is 0.58, 0.93, and 1.01 eV,
respectively. The resulting TAS; o1+ trans and ng‘;‘“ated values for the con-
densation adsorption of CA-8 and CA-18 are tabulated in Table V. It
can be seen that thermal effects favor the adsorption of CA-18 relative
to CA-8, because for the latter the adsorption free energies, estimated
with Eq. 8, are close to zero, whereas for CA-18 they are significantly
exergonic, being on the order of —1 eV.

On the basis of results presented above, we can build a sound pic-
ture of why CA-18 is a better corrosion inhibitor than CA-8. First,
the longer alkyl chains result in a more stable molecular film on the
surface, due to increased lateral cohesive forces. Secondly, the greater
stability of the adsorbed molecular film provides a larger thermody-
namic force for displacing carbonaceous contamination from the sur-
face. Thirdly, longer alkyl chains enable greater effective coverage,
even for coverages that are nominally too small for the carboxylic
head-groups to fully cover the surfaces. Namely, due to molecular tilt-
ing the longer alkyl chains can cover the exposed patches of the surface
and thus close the open “gaps” as shown schematically in Fig. 12. Fi-
nally, let us remark that an ongoing DFT work on related CA-6 and
CA-12 films on AIOOH/Al,03/Al(111) model is being performed to
characterize the protective effect of organic layers against penetration
of C1~ ions into the surface.3® Preliminary results indicate that the C1~
ion diffuses through the CA-6 layer without a barrier, whereas a barrier
is found for the diffusion of the same anion through the CA-12 film,
which additionally attests to the protective nature of CA inhibitors
with longer alkyl chains.

Durability and self-cleaning testing of etched aluminum im-
mersed in ethanol solution of CA.—A superhydrophobic surface is
also expected to be durable in harsh environments.* Durability of su-
perhydrophobic properties of self-assembled layers formed during im-
mersion of etched Al samples in ethanol solutions of 5 mM CA-18 was
tested by measuring the water contact angle during the course of 48 h
immersion in different solutions: 3.5 wt% NaCl, NaOH at pH 11, and
HCI at pH 4. These conditions are even harsher than those proposed
in protocols for durability testing in alkaline and acidic conditions.®
In particular, we increased the time of the duration test (48 h instead

of 10 h) and used more extreme pH conditions (pH = 11 and pH = 4
instead of pH = 8.5 and pH = 6). A graph showing the dependence of
the contact angle vs. immersion time is depicted in Fig. 13. The best
durability was achieved in 3.5 wt% NaCl solution where 6 remained
above 140°. Somewhat smaller, but still excellent durability, with 6 >
130° was obtained in HCI solution at pH 4. In contrast, in NaOH solu-
tion superhydrophobic properties of the surface were lost somewhere
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Figure 13. Durability test for Al etched for 20 minutes in 0.1 M NaOH at
90°C, cooled to room temperature and then immersed in ethanol solution of
5 mM octadecanoic acid (CA-18) for 30 minutes. Durability was tested by
measuring the contact angle of the water drop at 1, 5, 24 and 48 hours during
the course of immersion in NaCl (pH = 6, 3.5 wt%), NaOH (pH = 11), and
HCI (pH = 4). Mean values of water drop contact angles are shown and lines
are drawn to guide the eye.
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Figure 14. Snapshots recorded before (upper panel) and after (lower panel)
cleaning of different surfaces: ground Al, Al etched in 0.1 M NaOH at 90°C,
cooled to room temperature and Al etched in 0.1 M NaOH and then immersed
in ethanol solution of 5 mM octadecanoic acid (CA-18) for 30 minutes. Car-
bon particles were used for the self-cleaning test. Video film is presented in
Supplementary material (Video information VI-1).

between 24 h and 48 h of continuous immersion. In particular, at 48 h
the value of 6 was 105° £ 2°.

An important property of superhydrophobic surfaces is the ability
of self-cleaning. To test whether CA-modified Al surface exhibits the
self-cleaning ability, the surfaces of ground Al, NaOH-etched Al, and
etched CA-18-Al samples were covered by carbon particles (Fig. 14).
Due to different wettability of these surfaces, water drops remained on
the surface for ground and etched Al. In contrast, for CA-18-Al, water
drops bounced away from the surface taking the carbon particles with
them. After the test, the superhydrophobic surface was clean, whereas
ground and etched surfaces were still covered by particles (Fig. 14 and
Video information VI-1).

The ability of a superhydrophobic surface to resist ice formation is
important in numerous applications, such as airplanes, electric power
lines, and wind-turbines.”'? The freezing time of water droplets on
superhydrophobic surfaces is significantly retarded because the heat
transfer between the droplet and the solid surface is weakened by the
trapped air in the cavities under the liquid-solid interface.” Further, the
ice adhesion strength to a superhydrophobic surface is less than that
to a surface of higher wettability.” We have recently demonstrated the
ice freezing and ice melting delay on a superhydrophobic aluminum
surface fabricated in a mixture of NaOH and fluorosilanes.®® Superhy-
drophobic layers based on myristic acid*® and ceria-stearic coating*®
on Al were demonstrated to exhibit anti-icing ability. In the present
work we used the ice melting delay test to demonstrate the ability
of the surface to reduce the adhesion of ice which would in practi-
cal applications imply easier ice removal. Due to hierarchically rough
surface and coverage by long chain octadecanoic acid of low surface
energy the superhydrophobic surface exhibited longer melting time of
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over 350 s compared to 240 s on ground aluminum (Video information
VI-2).

Conclusions

1. The possibility to prepare superhydrophobic and corrosion resis-
tant coatings on aluminum using simple and non-toxic carboxylic
acids (CAs) was explored in the present study. It was tackled
on three levels: (i) fabrication of adsorbed organic layers, which
was successful on Al etched in alkaline NaOH solution; (ii) their
experimental characterization using electrochemical and surface-
analytical (SEM/EDS, XPS, and ToF-SIMS) techniques, rough-
ness, and wettability measurements; and (iii) DFT modelling of
adhesion and self-assembly of CAs on oxidized Al substrates.

2. Kinetics of etching and cooling were found essential for the for-
mation of a superhydrophylic and hierarchical micro- and nano-
structured aluminum hydroxide. Once such a surface is immersed
in ethanol solution of carboxylic acid, the CA molecules can effi-
ciently adsorb on it and make the surface superhydrophobic and
corrosion resistant. The change in wettability and degree of cor-
rosion protection are dependent on a number of factors. Rough
surface topography and presence of a hydroxylated surface layer
are crucial for subsequent adsorption of carboxylic acids. The
length of alkyl chain of carboxylic acid, acid concentration and
immersion time determine the final surface properties.

3. Seven carboxylic acids ranging from hexanoic to octadecanoic
were investigated. At constant immersion time (30 minutes) and
acid concentration (5 mM), short CAs (CA-6 and CA-7) act as
corrosion activators, longer CAs (CA-8, CA-9 and CA-10) act
as weak corrosion inhibitors, but only long chain acids (CA-14
and, especially, CA-18) are efficient corrosion inhibitors that also
provide barrier protection of Al. Upon immersion in CAs, wetta-
bility of etched Al changes from superhydrophilic to hydrophilic
for CAs < CA-10, to hydrophobic for CA-14, and to superhy-
drophobic for CA-18. XPS and ToF-SIMS analyses corroborated
that short and long carboxylic acid (CA-8 and CA-18) form an
adsorbed organic layer. Therefore, an increase in hydrophobic-
ity does not necessarily imply significant improvement in barrier
corrosion properties.

4. The formation of a carboxylate layer on Al surface upon immer-
sion in CA solution was the basis for DFT modelling. It is pro-
posed that the adsorption proceeds via the condensation mecha-
nism. The magnitude of adsorption energy increases with length
of alkyl chains and additionally leads to increased cohesive lateral
forces resulting in amore stable molecular film on the surface. Fur-
thermore, molecules with shorter alkyl chain do not completely
cover the surface, while those with long alkyl chains, like oc-
tadecanoic acid, effectively cover the surface due to molecular
tilting.

5. When prepared under suitable conditions, an adsorbed (carboxy-
late) layer is formed on Al which is superhydrophobic and acts
as a corrosion barrier in NaCl. This layer is demonstrated to be
durable and chemically stable in neutral and acidic chloride solu-
tion with contact angles remaining above 140° for 48 h. In alkaline
solution of pH = 11 the layer is less durable. Self-cleaning and ice-
melting delay properties of superhydrophobic Al surfaces were
demonstrated and can be exploited for practical applications.
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