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Super-hydrophobic lotus leaf like surface has been fabricated via growth of flower-like boehmite
on 2024 aluminum alloy surface and subsequent POTS modification.
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A super-hydrophobic 2024 aluminum alloy surface with multi-scale hierarchical flower-like boehmite (y-

AlOOH) structure has been fabricated via a facile hydrothermal approach. The differerent morphologies

of the y-AIOOH films were totally controlled by the preparation conditions for crystal growth, such as

reaction solution and time. The morphology and structure of the films were characterized using scanning
electron microscope (SEM), Fourier-transform infrared (FTIR), X-ray diffraction(XRD), and
transmission electron microscopy(TEM). The super-hydrophobicity can be attributed to both the rough

multi-scale structural boehmite coating and surface enrichment of low surface energy with the chemical

vapor deposition of 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (POTS). The resulting super-

hydrophobic surface exhibits a water contact angle of 155° and a sliding angle of about 5°. The corrosion

behavior was investigated with potentiodynamic polarization measurements and it was found that the

super-hydrophobic coating considerably improved the corrosion resistant performance of aluminum alloy.

Introduction

Super-hydrophobic surfaces have generated significant attention
due to their superior physico-chemical properties and important
potential applications in many fields,'” such as self-cleaning,'*-'?
anti-corrosion,® oil/water separation,”'“’ anti-reflection,'”
iridescence,'” anti-bioadhesion,”" and microdroplet
transportation.”?  Superhydrophobicity exists inherently on the
surfaces of many natural tissues, plants, and animal bodies. The
most classic example is the lotus leaf surface, which has inspired
researchers around the world because of its self-cleaning and
water-repellent properties. Wettability is governed by both the
surface chemical composition and geometric structure. Therefore,
the strategy of creating a rough structure on an intrinsically
hydrophobic surface or chemically modifying a rough surface
with low surface free energy compounds is usually used to
fabricate superhydrophobic surfaces.

Aluminum alloy is essential for research because it is abundant in
nature, easy to handle and it is an important material due to its
wide range of industrial applications,”**” especially in acrospace
and household industries. Special 2024 aluminum alloy with high
intensity and toughness is applied as building materials including
antenna, door and window jamb, roof and building enclose, etc.
However, a major disadvantage of aluminum alloy is that it
corrodes easily in humid environments,*® *® which limits its
practical application. The fabrication of super-hydrophobic
surfaces for aluminum alloy is one of the novel methods to
protect against corrosion. The research on super-hydrophobic
surfaces has made considerable progress in recent years, and
various fabrication methods have been reported the preparation of
super-hydrophobic  aluminum alloy surfaces through the
combination of chemical composition and surface multi-scale
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structures, especially flowerlike boehmite thin film '® %32,

Among them, chemical etching > *** and surface coating
are usually employed to introduce a multi-scale scale roughness
on the aluminum alloy substrate. However, the coating method
always involves complicated process as it needs to prepare
coating precursor first. Meanwhile, the coating materials usually
have poor adhesive force against their substrates. And the
chemical etching can lead to a permanent damage of aluminum
substrate. Therefore, it is highly desirable to develop a facile
method for the fabrication of stable superhydrophobic aluminum
surfaces.

In our previous works, we recently showed that y-AIOOH
nanosheets film can be formed directly on AIOOH nanoparticle
seed layer.* The thin film exhibits good adhesion and mechanical
stability. In the subsequent experiments, we also found that the
formation of the nanosheet films with special nanostructures
could be tuned by changing the reaction time, reactant
concentrations and temperature. Here, we designed and
synthesized y-AlOOH nanosheets thin films in situ growth on
aluminum alloy substrate by a facile hydrothermal approach.
Various morphology of y-AIOOH 3D intricate flower-like
patterns and 2D nanosheets structures can be selectively obtained
by simply changing the type of reactants. Treatment with POTS,
the resulting v-AIOOH films with hierarchical
micro/nanostructured show superhydrophobicity with water
contact angles (CA) greater than 155°. Superhydrophobic film
which provides a very effective corrosion-resistant coating for the
underlying aluminum.

29, 36-39

Experimental

Materials
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Sodium aluminate (NaAlO,) and urea (NH,CONH,) were
purchased from Sinopharm Chemical Reagent; 1H,1H2H2H-
Perfluorodecyltriethoxysilane (POTS 97%) was obtained from
Sigma-Aldrich. All the reagents were used as received. The 2024
aluminum alloy plates were purchased from Shanghai E&I Light
Alloy Group Co., Ltd. The chemical composition of 2024
aluminum alloy includes 93.5 wt% aluminum, 4.4 wt% copper,
1.5 wt% magnesium, and 0.6 wt% manganese.

Film fabrication process

In a typical experiment, 10.2 g of sodium aluminate (NaAlO,)
and 28.8 g of urea (NH,CONH,) were dissolved in 1 L of
deionized water under stirring. 30 mL solution was transferred
into a 50 mL Teflon-lined stainless steel autoclave, and a clean
2024 aluminum alloy slide was then immersed in the solution.
The autoclave was sealed and heated in the oven at 160 °C for 2
h. After cooling to room temperature, the sample was rinsed with
deionized water several times and finally dried in a vacuum oven
at 50 °C for 6 h. Additional experiments, as those above, but with
changes of reaction time from 10 min to 2 h, deionized water or
urea deionized water mix solution as reaction solution, were
carried out too.

And the as-treated samples were placed in a sealed vessel with
POTS on the bottom for further chemical modification. The
vessel was put in an oven at 120 °C for 2.5 h to enable the vapor
of POTS to react with the OH groups on the slide surface.
Finally, the slide was taken out of the vessel and placed in an
oven of 150 °C for another 1.5 h to volatilize the unreacted POTS
molecules on the surface.

Characterization

The contact angles (CAs) were measured on a contact angle
instrument (Contact Angle SystemOCA40, Dataphysics Co.,
Germany) at room temperature. Measurements from at least six
droplets of 5 pl of freshly distilled pure water were averaged.
Attenuated total reflection Fourier transform infrared spectra
(ATR-FTIR) was recorded using a Nicolet-8700 spectrometer
equipped with ATR accessory. XRD spectroscopy was carried
out on a Rigaku D/max 2550 V X-ray diffractometer using Cu-
Ka irradiation (A = 1.5406 A). The operating voltage and current
were kept at 40 kV and 300 mA, respectively. The morphology
was observed using a transmission electron microscope (TEM,
JEM-2100F) and a field-emission scanning electron microscope
(FESEM, S-8010, Hitachi, Tokyo, Japan). The element
composition was characterized by Oxford Instruments Inca X-
Max energy dispersive X-ray (EDX) spectrometer associated
with the FESEM instrument.  Potentiodynamic polarization
curves were obtained on an Autolab (PGSTAT302N potentiostat)
using a standard three-electrode system in 100 ml of 3.5% (wt.%)
NaCl solution (open to air) at room temperature. Sample with
size of 1 cm? was used as the working elecrode during
polarization tests. Saturated calomel was used as reference
electrode (SCE) and a platinum sheet as counter electrode. The
potentiodynamic measurements were taken between —800 and -
200 mV versus SCE at a rate of 1 mV/s.

Reults and discussion
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Fig.1 FE-SEM images of sample surfaces after hydrothermal treatment in
sodium aluminate and urea mixed solution at 160 °C for different reaction
time: (a) 10 min, (b) 30 min, and (c) 120 min. (d), (e), and (f) are the
enlarged FE-SEM images of the indicated areas in (a), (b), and (c),
respectively. (g), (h), and (i) are the cross section FE-SEM images of the
sample prepared at 160 °C for 120 min.

The morphologies of the as-prepared films were characterized by
field-emission scanning electron microscopy (FE-SEM). Fig. 1a-f
show FE-SEM images of the sample surfaces after hydrothermal
treatment at 160 °C for 10 min, 30 min, and 120 min,
respectively. Some large irregular byproducts with varying shape
were covered on the resulting 2024 aluminum alloy surface (Fig.
la-c). Fig. 1d-fare the enlarged versions of the FE-SEM
images shown inFig. la-c, respectively. All the samples
exhibit flower-like structures that are dispersed randomly on the
surfaces.When the treatment time was only 10 min, the flower-
like y-AIOOH structures with diameters about 1 pm were
randomly formed on the surfaces. Each of the flowers was
composed of dozens of tiny and thin nanosheets. When treatment
time increasing to 30 min, the flower-like y-AIOOH structures
covered on the surface were growing into bigger ones with
diameters about 2 pm. The nanosheets became thicker and denser
as the treatment time increased. In contrast, after treatment for
over 120 min, these y-AIOOH microcrystals have a
platelike/sheet morphology and some of them assembled into
large size flower-like structures with diameters about 3 um. Each
of the flowers was composed of dozens of nanosheets with
thickness ranging from 50 to 100 nm (Fig. 1f). A cross-sectional
view of the y-AIOOH film (Fig. 1g-h) clearly demonstrates that
the y-AIOOH naonsheets film with a thickness of about 1.1 um
were assembled on the 2024 aluminum alloy substrate.
The nanosheets were observed to be vertically aligned over the
entire substrate surface and appeared to be partly in the form of
multi-layers. Fig. li shows some of the byproducts are also
composed of nanosheets and connected together perfectly with y-
AlOOH nanosheets. The formation of these irregular byproducts
would be due to the random assembly of y-AlIOOH in the
solution.
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Fig. 2 (a) TEM image of nanosheets for a sample hydrothermally treated
at 160 °C for 2 h; (b) HRTEM image of the nanosheet and ED pattern of
the nanosheet in the insert image.

o

Fig. 2 shows the representative TEM images of the sample
hydrothermally treated at 160 °C for 2 h, which further proves the
same microstructural information as the SEM observations. As
10 shown in Fig. 2a, the film was made up of flaky y-AIOOH,
several nanosheets with a thickness of 40 nm can be observed. In
the HRTEM image (Fig. 2b) taken from the edge of the
individual microstructure, (031) and (002) planes were marked,
with the spacing of the adjacent lattice planes of 0.23 nm and
15 0.14 nm, which are very close to the theoretical values. The
selected area electron diffraction (SAED) patterns exhibit rings
corresponding to the [020], [120],[031] and [251] planes of y-
AlOOH. These patterns are consistent with the XRD patterns.
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Fig.3 (a) XRD patterns and (b) EDX spectrum of the resultant boehmite
film on the 2024 aluminum alloy prepared via the typical synthetic
procedure at 160 °C for 2 h. Insets (a) shows the enlarged XRD pattern.

25
The XRD patterns of the 2024 aluminum alloy sample after
hydrothermal treatment are shown in Fig. 3a. Four sharp and
intensive diffraction peaks are assigned to the face-centered cubic
(fce) structure of metallic aluminum (JCPDS file no. 04-0787).

30 The other diffraction peaks can be indexed according to the
typical of orthorhombic boehmite phase (y-AIOOH, JCPDS file
No. 21-1307). Such weak and broad diffraction peaks indicate
that the boehmite has a small crystalline size. The results confirm
that the film growing out of the aluminum alloy surface is

35 boehmite phase. EDX quantitative results shown in Fig. 3b
indicate the presence of elements Al and O in the sample, in

40

addition to the Pt peak originating from the Pt for increasing the
conductivity of the SEM samples. The Al and O mainly come
from y-AlIOOH. The Al/O atomic ratio is about 1.9, which is
close to the theoretical value of 2 considering the instrumental
error.

Fig.4 FE-SEM images of sample surfaces after hydrothermal treatment in
water (a), urea solution (b), and sodium aluminate and urea mixed
solution (c) at 160 °C for 2h; (d), (e) and (f) are the enlarged images of
(a), (b), and (c), respectively; (g), (h) and (i) show the cross sections FE-
SEM images of the samples corresponding to (a), (b) and (c),
respectively.

We also conducted different hydrothermal solutions to compare,
such as aqueous solution or urea solution, and all the processing
with the same temperature. Fig. 4 shows FE-SEM images of
sample surfaces after hydrothermal treatment in deionized water,
urea solution, sodium aluminate and urea mixed solution at
temperature of 160 °C for 2 h, respectively. In deionized water,
we can clearly see the sample surface was composed of many
zigzag like interlaced plates (Fig. 4d). When in the urea solution,
the size and thickness of the nanosheets are smaller than those of
the nanosheets prepared in deionized water (Fig. 4e). However,
in the sodium aluminate and urea mixed solution, a more compact
and larger size nanosheets were obtained, as shown in Fig. 4f and
the nanosheets were assembled into papillae like structures. The
cross sectional FE-SEM images indicate that all nanosheets were
predominantly perpendicular to the substrate (Fig. 4g-h). And the
sample growed in sodium aluminate and urea mixed solution with
the highest thickness about 1 um. Adding sodium aluminate was
found to result in enlarged the thickness of film due to the extra
supply of aluminum source for growth of y-AIOOH. The control
of the fine microstructures was achieved by varying hydrothermal
solution.

This journal is © The Royal Society of Chemistry [year]
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Fig. S FT-IR spectra of sample surfaces after hydrothermal treatment in
water (a), urea solution (b), and sodium aluminate and urea mixed
s solution (c) at 160 °C for 2h.

Fig. 5 shows the FT-IR spectra of the samples hydrothermally
treated at 160 °C for 2h in the region of 600-4000 cm'. The most
predominant spectral feature is the intense sharp peak observed at
10 3277 and 3083 cm ', which can be assigned to the v,, (Al)-OH
and v (A1)O-H stretching vibrations. Another sharp peak at
1070 cm™'and the weak shoulder around 1155 cm™ are
respectively assigned to the J, Al-O-H and d,; AI-O-H bending
vibrations of the boehmite. The torsional mode of Al-O at
15738 cm™! and 649 cm™! are also observed in the spectra. The
FTIR analysis further confirms that the boehmite phase exists on
the 2024 aluminum alloy surface. Moreover, these characteristic
bands could be observed for all samples prepared in different
solutions, which indicated that the formed nanoflakes have the
20 same structure of y-AIOOH.
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Fig.6 XRD patterns of sample surfaces after hydrothermal treatment in
25 water (a), urea solution (b), and sodium aluminate and urea mixed
solution (c) at 160 °C for 2h.

Fig. 6 shows the XRD patterns of the obtained samples after their
hydrothermal treatment in deionized water, urea solution, and
30 sodium aluminate and urea mixed solution at 160 °C for 2 h. In
the case of all samples, some peaks attributable to the y-AIOOH
were clearly observed. The diffraction peaks are indexed
according to the orthorhombic boehmite phase. This result is in
agreement with the FT-IR spectra. A diffraction peak of [020]
3s reflection, which has the highest intensity according to the

JCPDS file number 21-1307 of y-AIOOH. Under the urea
solution the intensity of the diffraction peak corresponding to the
[020] plane is lowest than other samples, and the peak were
highest in sodium aluminate and urea mixed solution. This

40 indicates that the content of the y-AIOOH was lowest in urea
solution, and highest in sodium aluminate and urea mixed
solution. This result is in agreement with the SEM observations.
The control of the fine microstructures formed on 2024 aluminum
alloy substrate was achieved by varying hydrothermal solution.

4s The involved reactions for the formation of y-AIOOH are
suggested as follows:

Al+ 0, »AP* 1
H,0— H'+OH" )
AP"+30H — AI(OH), 3)
H,N-CO-NH, +3H,0 —2NH," + CO, +20H~  (4)
AlO, + 2H,0 —Al(OH);+ OH™ (%)
Al(OH);— y-AIOOH+ H,0 (6)

In deionized water, the surface of alumimum alloy was eroded
by OH produced by the hydrolysis of of H,O to form AI(OH),
nuclei, and turned to y-AIOOH nanosheets on the surface of
so alumnum alloy under a hydrothermal treatment at 160 °C. In the
urea solution, the hydrolysis of urea gradually turned the solution
weakly alkaline as the concentration of hydroxyl ions (OH)
increased, and more Al(OH); nucleis were formed. With the same
grow rate the y-AIOOH nanosheets were thinner than those
ss formed in water. Since there was no other A" in solution of
water or urea solution, only 2D nanosheet arrays were formed on
the aluminum alloy surface. The uniform “papillae” grown from
2D nanosheet arrays can not be found.
As to the sodium aluminate and urea mixed solution, not only the
surface of the aluminum alloy formed the Al(OH); nucleis and
the AlO, also turned into AI(OH); nucleis in the solution. When
the temperature was increased up to 160 °C, the preferentially
nucleates on the aluminum alloy substrate were firstly turned into
v-AlOOH in a much shorter period of time, as the heterogeneous
nucleation has a lower barrier energy than homogeneous
nucleation in the solution. Then, the homogeneous Al(OH),
nucleates were turned into numerous y-AIOOH nanoplatelets in
the solution. Since the boehmite nanoplatelets have numerous
surface-located hydroxyl groups, some of the y-AIOOH
nanosheets aggregated randomly. As the reaction proceeds, these
two types of nuclei on substrate can result in nanostructures with
different densities and morphologies on substrate. Thus, the -
AlOOH nanosheets were assembled into hierarchical structures
with multi-scale scale roughness.
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Fig. 7 (a) Shape of a water droplet on the surface of the as-prepared y-
AlOOH film on 2024 aluminum alloy obtained at 160 °C for 2 h. (b)
Shape of a water droplet on the surface of the same film as in (a) after
POTS hydrophobization; (c) image of the water on the film used in (a)
after PFOT hydrophobization.
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The wettability of the resultant surfaces was characterized in
ss detail with water static CA measurements. When a water droplet
was dripped on the as-prepared y-AIOOH films, it spread onto the

4 | Journal Name, [year], [vol], 00—00
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surface very quickly, indicating the excellent superhydrophilic
properties of this film (Fig.7a). Such a small CA is attributed to
the presence of many -OH groups on the surface of the y-AIOOH
crystals, leading to superhydrophilicity. However, the surface of
the sample became superhydrophobic after modification with
POTS. The resultant surface was so hydrophobic that the water
droplet deposited on the surface formed almost perfect sphere
with a water CA of 155° (Fig. 7b), clearly revealing that the
surface change from superhydrophilic to superhydrophobic. The
sliding angle is about 5°, implying that the water droplets can be
easily moved out of the surface. The optical image of water
droplets with uniform size on the surface of the modified 2024
aluminum alloy surface (Fig. 7c) gives a direct demonstration of
the superhydrophobicity of the treated film.

o

=

SUB000 5.0kV 86mm x20.0k SE(UL)

Fig. 8 FE-SEM images of sample surfaces after hydrothermal treatment in
water (a), urea solution (b), sodium aluminate and urea solution (c) at
20 160 °C for 2h, and without any treated (d); the photographs of the 5 pL
water droplet on different morphology samples surfaces after POTS

modification

After modification with POTS, such different surfaces show very
25 different water CA (insets of Fig.8). The wetting properties were
evaluated by water CA measurements and the film sample
obtained after hydrophobization treatment.Theories of wetting
behaviors on the surfaces including Wenzel's model*! and Cassie-
Baxter's model” have been developed for single or dual
30 micro/nano roughness scales. Wenzel's model describes the
wettability of the surface which has been totally wet by liquid,
and there is no trapped air between the liquid and the solid
surface. The apparent CA 6y, is given as a function of 7 and 6:
cosfy, = rcost (€]
where 7 is the dimensionless roughness and 6 is the static CA on
35 the smooth surfaces.
Cassie and Baxter model describes the wetting of a surface in
which trapped air resides between the liquid and the solid, and the
surface is not totally wet. Equation (2) describes the relationship
between the CA of a water droplet on a smooth surface (6) and
40 the CA on a heterogeneous surface (fcg) composed of a solid and
air.

coscp =ficosd — f, 2)

Here, f1 and f; are the fractions of solid surface and air in contact
with liquid, respectively, that is, fi+/,=1. The water droplet
maintains the hydrophobic Cassie-Baxter state on the hierarchical
45 surfaces composed of different nanoscale roughnesses as shown

in Fig. 8. The water contact angles of nanoscale flakes structures
with different size were measured to be 132° (Fig. 8a) and 121°
(Fig. 8Db), respectively. In comparison, a flat aluminum alloy was
also modified with POTS through the same chemical route. The
s0o CA of the modified smooth aluminum alloy surface was
determined to be only 110° (Fig. 8d). On the basis of our
experimental data, the f; values of the rough surfaces with
nanosheets structures with different size are calculated to be
49.8% and 26.5%, respectively. The CA of the small size
ss nanosheets is decreased due to the decrease of air trapped surface
with smaller size nanoscale flakes. The CA of rough surface with
3D flowerlike structures was measured to be 155° (Fig. 8c) , the
/> value was calculated to be 85.8%. The aboved results indicate
that the achievement of superhydrophobicity is mainly a result of
o the large fraction of air trapped in the rough surface by
combining 3D microstructures of flowerlike spheres with
nanostructures of protuberances and cavities. On the other hand,
it should be mentioned that the rough surfaces without
modification by POTS are hydrophilic. This suggests that only a
6s suitable multi-scale structure is not enough to obtain a
superhydrophobic surface. By fine-tuning the size of hierarchical
structure and modifying the as-prepared rough surface with
different low-surface-energy coatings, it is possible for us to
fabricate the superhydrophobic surface.

70

E (V)

8 7 6 5 4 3 2 -
logi (A/cm2)

Fig. 9 Polarization curves (vs SCE) of samples immersed in 3.50%
aqueous sodium chloride solution at room temperature: (a) untreated bare
75 aluminum alloy substrate, (b) superhydrophobic aluminum alloy substrate.

The corrosion behaviors of the superhydrophobic aluminum alloy
surface and the untreated bare aluminum alloy surface were
investigated via polarization curves in 3.5 wt.% NaCl solution. In
a typical polarization curve, the positive shift of the Ecorr and the
lower corrosion current densities correspond to lower corrosion
rates and better corrosion resistance. The corrosion potential
(Ecorr) positively increases from -0.475 V for the bare 2024
aluminum alloy (Fig. 9a) to -0.427 V for the superhydrophobic
surface (Fig. 9b). The corrosion current density of the
superhydrophobic film was smaller than that of the aluminum
alloy substrate, which means that the superhydrophobic film is
very effective in protecting the aluminum alloy from corrosion. It
is generally believed that the air trapped in multi-scale cavities
s behaves as a dielectric for a parallel plate capacitor. Such an air
dielectric can inhibit the electron transfer between the aluminum
alloy substrate and the electrolyte, which strongly protects the
underlying aluminum alloy substrate* **,

%
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