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ABSTRACT: The following facile approach has been developed to prepare a
biomimetic-structural superhydrophobic surface with high stabilities and strong
resistances on 2024 Al alloy that are robust to harsh environments. First, a simple
hydrothermal treatment in a La(NO3)3 aqueous solution was used to fabricate
ginkgo-leaf like nanostructures, resulting in a superhydrophilic surface on 2024 Al.
Then a low-surface-energy compound, dodecafluoroheptyl-propyl-trimethoxylsi-
lane (Actyflon-G502), was used to modify the superhydrophilic 2024 Al, changing
the surface character from superhydrophilicity to superhydrophobicity. The water
contact angle (WCA) of such a superhydrophobic surface reaches up to 160°,
demonstrating excellent superhydrophobicity. Moreover, the as-prepared super-
hydrophobic surface shows high stabilities in air-storage, chemical and thermal
environments, and has strong resistances to UV irradiation, corrosion, and
abrasion. The WCAs of such a surface almost remain unchanged (160°) after
storage in air for 80 days, exposure in 250 °C atmosphere for 24 h, and being exposed under UV irradiation for 24 h, are more
than 144° whether in acidic or alkali medium, and are more than 150° after 48 h corrosion and after abrasion under 0.98 kPa for
1000 mm length. The remarkable durability of the as-prepared superhydrophobic surface can be attributed to its stable structure
and composition, which are due to the existence of lanthanum (hydr)oxides in surface layer. The robustness of the as-prepared
superhydrophobic surface to harsh environments will open their much wider applications. The fabricating approach for such
robust superhydrophobic surface can be easily extended to other metals and alloys.
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1. INTRODUCTION

Aluminum alloys, especially the high-strength aluminum alloys
(e.g., 2024 Al and 7075 Al, etc.), possess many excellent
properties, such as remarkable high-specific strength, excellent
heat, relatively low-specific weight and so on, which have many
applications in many fields.1−3 However, aluminum alloys are
chemically reactive and liable to suffer severe damage during
service in harsh environments, which seriously limits their
applications.3 Surface treatments are hence indispensable for
improving performance and elongating service-life of aluminum
alloys. Among various surface coatings of aluminum alloys,
superhydrophobic surfaces with a water contact angle (WCA)
greater than 150° have attracted significant attention due to
their comprehensive superiority and remarkable properties
(e.g., self-cleaning, anticontamination, anti-icing, antiwearing,
anticorrosion, etc.), which are regarded as one of the most
promising surface treatments for aluminum alloys.4−9 However,
superhydrophobic surfaces are apt to deteriorate in environ-
ments (e.g., long-term air-exposure, chemical etching, heat,
irradiation, corrosion, abrasion, etc.), which seriously baffles
their widespread applicability.10−13 Therefore, durable super-

hydrophobic surfaces that are robust to harsh environments are
highly desired for a broad range of applications of aluminum
alloys, and developing the facile preparing methods for such
surfaces is urgent.
Rare-earth conversion coatings have been known as green

and effective surface treatments to improve corrosion resistance
of aluminum alloys.10,14−18 Moreover, the intrinsical hydro-
phobicity of rare-earth oxides has been currently reported.19

Such featured wettability is attributed to the unique electronic
structure of rare-earth elements, which inhibits hydrogen
bonding with interfacial water molecules. Rare-earth oxides
have been demonstrated to sustain hydrophobicity even after
exposure to harsh environments, which suggests that rare-earth
oxides may find widespread applicability as robust (super)-
hydrophobic surfaces. Hence, fabricating superhydrophobic
surfaces containing rare-earth oxides may pave the way to
prepare durable superhydrophobic surfaces that are robust to
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environments. However, to the best of our knowledge, at
present there are no reports on the fabrication and robustness
of the superhydrophobic surface containing rare-earth oxides.
Among the numerous methods for fabricating super-

hydrophobic surface,20−29 the hydrothermal method is
considered as an attractive way for its facile operating process
and lack of need for sophisticated instrumentation.29 The
hydrothermal treatment can construct micro- and nanostruc-
tures on a surface, which is crucial for achieving surface
superhydrophobicity.4,29 As reported, H2O and H2O2 were
used as hydrothermal reaction media for creating micro- and
nanostructures of (hydr)oxides on a metal surface.4,29,30

However, there has been no exploitation to use rare-earth salt
solutions as hydrothermal media to construct micro- and
nanostructures and further to fabricate a superhydrophobic
surface with robustness.
In the present work, a biomimetic-structural superhydro-

phobic surface containing lanthanum (hydr)oxides with high
stabilities and strong resistances on 2024 Al alloy that are
robust to environments is prepared by hydrothermally treating
the 2024 Al alloy in a La(NO3)3 aqueous solution to construct
ginkgo-leaf-like nanostructures containing lanthanum (hydr)-
oxides and then modifying the surface with a low-surface-
energy compound (Actyflon-G502) to realize superhydropho-
bicity. The wettability, morphology, and composition of the as-
prepared samples are characterized and their durability whether
in air-storage, or exposure to various harsh environments (e.g.,
acidic/alkali, high temperature, UV irradiation, corrosion, and
abrasion) are systematically studied. Moreover, the formation
mechanism of the 2014 Al surfaces with special wettability is
discussed, and the mechanism behind the remarkable durability
of the superhydrophobic samples is explained. To the best of
our knowledge, up to now, it is the first report on the
biomimetic-structural superhydrophobic surface containing
lanthanum (hydr)oxides with such remarkable robustness to
harsh environments, and also the surface with ginkgo-leaf-like
nanostructures is constructed by a hydrothermal treatment in a
rare-earth salt solution for the first time.

2. EXPERIMENTAL DETAILS
2.1. Materials and Chemicals. 2024 Al alloy (Rong Chuang

Metal Co., Ltd., Dongguan, PR China; composition: 92.81 wt %
aluminum, 5.51 wt % copper, and 1.68 wt % magnesium) with a
working area of 1.0 cm2 was used as the substrate. Chemicals,
including lanthanum nitrate (La(NO3)3·6H2O; Sinopharm Chemical
Reagent Co., Ltd., Shanghai, PR China; analytical grade), dodeca-
fluoroheptyl-propyl-trimethoxylsilane (Actyflon-G502; Xuejia Fluori-
nesilicon Chemical Co., Ltd., Harbin, PR China; chemical grade),
sodium chloride (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
PR China; analytical grade), and ethanol (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, PR China; analytical grade), were used as
received.
2.2. Sample Preparation. The biomimetic-structural super-

hydrophobic surface was prepared by the following procedures: The
2024 Al substrates were abraded with 200, 400, 800# grit emery
papers, then degreased ultrasonically in absolute ethanol for 5 min and
rinsed with pure water. These cleaned 2024 Al substrates were
promptly introduced into a Teflon-lined stainless steel autoclave (with
45 mL space) that was filled with 15 mL 0.001 M La(NO3)3 aqueous
solution. The autoclave was then sealed with a lid and maintained at
120 °C for 3 h and subsequently left to cool to room temperature.
Then the 2024 Al samples were removed and dried in air.
Subsequently, the 2024 Al samples were immersed in a mixed
solution of ethanol (14.8 mL) and Actyflon-G502 (0.2 mL) for 24 h
and finally heated at 160 °C for 1 h. For expression convenience, the

sample after hydrothermal treatment in a La(NO3)3 aqueous solution
was abridged as LHTS and that further after modification with
Actyflon-G502 was abridged as MLHTS.

For comparison, some related control samples were present. The
water-hydrothermal sample was abridged as WHTS, which was
prepared under identical conditions of LHTS except the hydrothermal
reaction medium was pure water (in the absence of La(NO3)3).
WHTS further after modification with Actyflon-G502 was abridged as
MWHTS. The blank sample was abridged as BS, which was actually a
cleaned 2024 Al substrate only undergoing the identical pretreatments
of LHTS and WHTS.

2.3. Surface Characterization. The sample surface morphology
was characterized using a focused ion beam scanning electron
microscope (FIB-SEM, Zeiss Auriga, Germany). The surface chemical
composition was analyzed by X-ray photoelectron spectroscopy (XPS,
Thermoelectron ESCALAB 250, USA). The infrared spectra of the
samples were investigated by using Fourier transform infrared
spectrometry (FTIR, Nicolet iN10, USA). The surface wettability
was evaluated by water-contact-angle measurements (WCA, Data-
physics OCA20, Germany) under static condition.

2.4. Resistance and Stability Tests. The corrosion, UV, and
abrasion resistances of the samples were respectively examined by
immersing the samples in a 3.5 wt % NaCl corrosive medium, exposing
the samples under UV irradiation (irradiated by a UV light at 254 nm
wavelength), and a scratch test that was previously reported31,32 (the
detailed test process is described in S1 and the corresponding
schematics is illustrated in Figure S1 of the Supporting Information).
The long-term air-storage, chemical, and thermal stabilities of the
samples were respectively estimated by storing the samples in air for
months and recording the evolution of WCAs upon air-storage,
measuring the WCAs by dropping an aqueous solution droplet with
different pH values (ranging from 1 to 14), and exposing the samples
in 250 °C atmosphere for 24 h and recording the evolution of WCAs
upon exposure. Each test was repeated three times to verify
reproducibility of the results. All tests except that for thermal stability
were conducted at room temperature.

3. Results and Discussion. 3.1. Surface Wettability and
Morphology. Figure 1 illustrates the water droplet (2 μL) shapes

on different sample surfaces. The BS surface shows a static WCA of ca.
36° (Figure 1a), indicating the hydrophilic nature of 2024 Al. The
WHTS and LHTS surfaces show WCAs of ca. 3° (Figure 1b) and 0°
(Figure 1 c), respectively, indicating the formation of superhydrophilic
surfaces after hydrothermal treatments whether in pure water or in a
La(NO3)3 aqueous solution. After further modification with Actyflon-
G502, the MWHTS surface has a static WCA of ca. 142° (Figure 1d),
indicating a hydrophobic character, while the MLHTS surface exhibits
a superhydrophobic character with a static WCA of ca. 160° (Figure

Figure 1. Digital photographs of water droplet (2 μL) shapes on
different sample surfaces: (a) BS, (b) WHTS, (c) LHTS, (d) MWHTS
and (e) MLHTS. (f) Digital photo of a water droplet on the as-
prepared MLHTS surface.
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1e). A water droplet remains as a sphere on the as-prepared MLHTS
surface (Figure 1f).
Figure 2 presents typical FIB-SEM images of the above BS, WHTS,

LHTS, and MLHTS surfaces. The BS surface (Figure 2a) is flat, where

no micro- or nanostructures can be observed. Figure 2b shows the
FIB-SEM image of WHTS surface, which is covered with random-
stacked nanowhiskers. The LHTS surface (Figure 2c) is uniformly
covered with interesting ginkgo-leaf-like (inset of Figure 2c) structures
with thicknesses of 10−30 nm and diameters of 100−300 nm. The
FIB-SEM image of the MLHTS superhydrophobic surface (Figure 2d)
indicates that the modification process with Actyflon-G502 has no
remarkable impact on the surface morphology.
From the above results, it can be deduced that the fabricating

method proposed here, employing a hydrothermal treatment in a
La(NO3)3 aqueous solution to create a rough surface with a
biomimetic structure, and further modifying the surface with a low-
surface-energy compound (Actyflon-G502), is an effective way to
prepare superhydrophobic surface and change the surface wetting
characteristic from superhydrophilic and superhydrophobic.
3.2. Surface Composition. Figure 3 shows XPS results of the

above BS, WHTS, and LHTS surfaces. From the survey spectra
(Figure 3a), the elements Al, O, and C (contamination from air) are

detected at the BS and WHTS surfaces, which confirms that the BS
surface is covered with a native oxide film and the WHTS surface
consists of aluminum (hydr)oxides formed during the hydrothermal
process.30 For the LHTS surface, the elements Al, La, O, and C
(contamination from air) are examined. The high-resolution spectra of
Al 2p, La 3d, and O 1s for the LHTS surface are further illustrated in
Figure 3b−d. The Al 2p high-resolution spectrum (Figure 3b) can be
resolved into two components with binding energies of 73.7 and 75.7
eV. The strong peak at 73.7 eV is assigned to AlOOH and the weak
one at 75.7 eV is assigned to Al2O3.

33,34 The La 3d high-resolution
spectrum (Figure 3c) shows two major peaks at 835.4 and 852.2 eV
(with a spin-energy separation of 16.8 eV), respectively corresponding
to La 3d5/2 and La 3d3/2, along with the satellite peaks at 839.1 and
855.7 eV, which are characteristic of La element in +3 valency.35 The
O 1s high-resolution spectrum (Figure 3d) can be fitted by five peaks,
respectively centered at 532.0, 531.6, 530.9, 530.3 and 529.0 eV. The
two components located at 532.0 and 530.9 eV are assigned to
AlOOH, and the one at 530.3 eV is assigned to Al2O3.

36,37 The two
peaks at 531.6 and 529.0 eV can be attributed to O in La(OH)3 and
La2O3, respectively.

38 Quantitative analysis of the XPS results reveals
that the 2024 Al surface after the hydrothermal treatment consists of
Al (32.50 at%), La (0.58 at%) and O (66.92 at%). Thus, it is inferred
that the LHTS surface is essentially composed of (hydr)oxides of
lanthanum and aluminum. Additionally, there are abundant hydroxyls
and small amounts of adsorbed H2O existing at the surface, which can
be deduced from the FTIR results (Figure S2 and corresponding
discussion).

Figure 4 shows XPS results of the MWHTS and MLHTS surfaces.
From the survey spectra (Figure 4a), the elements F, C, Si, and O were
introduced during the modification process for both surfaces and the
chemical composition difference of the two surfaces is the La element
in the MLHTS surface that induced during the hydrothermal process.
The MWHTS surface is deduced to consist of only aluminum
(hydr)oxide and modified compounds. The high-resolution spectra of
F 1s, C 1s, Si 2p, O 1s, Al 2p and La 3d for the MLHTS surface are
further illustrated in Figure 4b−g. The F 1s high-resolution spectrum
at 688.9 eV (Figure 4b) is correlated with C−F bonds.39 The C 1s
high-resolution spectrum (Figure 4c) can be fitted by six peaks
respectively centered at 293.8, 289.9, 289.0, 286.4, 284.9, and 284.6
eV, which can be assigned to −CF3, −CF2, −CH2−CF2, −C−C, −C−
O or the contaminated C during storage, and −C−Si.39,40 The Si 2p

Figure 2. FIB-SEM images of different sample surfaces: (a) BS, (b)
WHTS, (c) LHTS (inset: digital photo of ginkgo leaves) and (d)
MLHTS.

Figure 3. (a) XPS survey spectra of BS, WHTS, and LHTS surfaces; and XPS high-resolution spectra of LHTS surface: (b) Al 2p, (c) La 3d, and (d)
O 1s.
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peak (Figure 4d) can be resolved into two components with binding
energies of 102.9 and 102.1 eV, which can be assigned to Si−O and
Si−C bonding, respectively.36 The O 1s peak (Figure 4e) can be
resolved into six components with the binding energies of 532.8,
532.0, 531.6, 530.9, 530.3, and 529.0 eV. The component located at
532.8 eV is usually attributed to the presence of a −Si−O bond.41 The
component located at 532.0, 531.6, 530.9, 530.3, and 529.0 eV can be
correlated with (hydr)oxides of lanthanum and aluminum at the
sample surface.36−38 In addition, the Al 2p and La 3d spectra (Figure
4f,g) show similar binding energies but much lower intensities, as
compared with those of the unmodified sample (Figure 3b,c), which
indicates that the modified layer is ultrathin and part of the
(hydr)oxides underlayer can be detected. Quantitative analysis of the
XPS results reveals that the MLHTS surface essentially consists of F
(8.49 at. %), C (22.07 at. %), Si (5.79 at. %), O (43.37 at. %), Al (20.1
at. %), and La (0.18 at. %). Thus, it can be deduced that during the
modification process the interfacial polymerization reactions occurred
between the silanol groups and surface hydroxyl groups to form

C10F12H9Si(O-surface)3, which covers the sample surface and endows
it with superhydrophobicity.42

3.3. Resistances and Stabilities. The corrosion resistance of a
surface layer on a high-strength aluminum alloy is crucial for its
application, so first the corrosion resistance of the BS, MWHTS and
MLHTS surfaces on 2024 Al are evaluated by immersing the samples
into a 3.5 wt % NaCl corrosive medium. Figure 5a shows the evolution
of WCAs of three different surfaces upon immersion. The WCA of the
BS surface decreases from ca. 36° to 11° during 48h immersion and
that of the MWHTS surface decreases from ca. 142° to 26°, while that
of the MLHTS surface decreases to ca. 155° after immersion for 1 h
and then almost keeps constant between 1 and 48 h with WCA of ca.
150°. Figure 5b shows the digital photos of the BS, MWHTS and
MLHTS surfaces after immersion in the NaCl corrosive medium for
48 h. The serious damages are observed on the BS surface, and some
small pits are densely distributed on the MWHTS surface, while the
MLHTS surface shows little change. These results indicate that the as-
prepared MLHTS surface has much stronger corrosion resistance to

Figure 4. (a) XPS survey spectra of MLHTS and MWHTS surfaces. XPS high-resolution spectra of MLHTS surface: (b) F 1s, (c) C 1s, (d) Si 2p,
(e) O 1s, (f) Al 2p, and (g) La 3d.
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corrosive medium than the BS and MWHTS surfaces, which is highly
desired in the application of high-strength aluminum alloys. Moreover,
these results confirm the necessity of the hydrothermal treatment in a
La(NO3)3 aqueous solution for the remarkable corrosion resistance of
the as-prepared MLHTS superhydrophobic surface and the crucial role

of lanthanum (hydr)oxides in the surface layer for the excellent
durability in corrosive environment.

Because the BS and MWHTS surfaces exhibit very poor corrosion
resistance and have no actual utility, only the durability of the as-
prepared MLHTS superhydrophobic surfaces in various environments
is studied in the following section. Figure 6 shows the durability test
results of the as-prepared MLHTS superhydrophobic surface. The UV
resistance was examined by exposing the sample under UV irradiation.
Figure 6a shows the evolution of WCAs upon UV irradiation. The
WCAs remain nearly unchanged (ca. 160°) within experimental error
(±2°) during 24 h irradiation, indicating the significant resistance of
the as-prepared superhydrophobic surface to UV irradiation. The
abrasion resistance of the surface was examined by a scratch test.
Figure 6b shows the evolution of WCAs upon dragging in one
direction with a speed of 5 mm s−1 under 0.98 kPa pressure. The WCA
slightly decreases to ca. 154° after dragging 1000 mm length. And
Figure 6c displays the relationship between the applied pressure and
WCAs after dragging 1000 mm length. The WCA slightly decreases
with increasing the applied pressure, and when the applied pressure
increases to 4.9 kPa, the WCA decreases to 147°. These results
indicate that the as-prepared MLHTS superhydrophobic surface has
superior abrasion resistance to other reported superhydrophobic
surfaces,32 which is very important for its practical applications. The
long-term stability was estimated by storing the sample in air for

Figure 5. (a) Evolution of WCAs of BS, MWHTS, and MLHTS
surfaces upon immersion in a 3.5 wt % NaCl corrosive medium. (b)
Digital photos of BS, MWHTS, and MLHTS surfaces after immersion
in a 3.5 wt % NaCl corrosive medium for 48 h.

Figure 6. Evolution of WCAs of MLHTS surface upon (a) UV irradiation, (b) abrasion length under 0.98 kPa pressure, (d) storage in air, and (f)
exposure in 250 °C atmosphere; Relationships between (c) the applied pressure and WCAs on MLHTS surface after dragging 1000 mm length, and
(e) pH and WCAs on MLHTS surface.
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months. Figure 6d shows the evolution of WCAs upon storage in air.
The WCAs show no decrease (ca. 160°) during air-storage for 80 days,
indicating an excellent long-term stability of the as-prepared MLHTS
superhydrophobic surface. The chemical stability of the surface in
aqueous solutions with different pH values was examined by
investigating the relationship between pH and WCAs. Figure 6e
shows the relationship between pH and WCAs on the MLHTS
surface. The WCAs for the most acidic medium (pH = 1) and most
alkali medium (pH = 14) are respectively ca. 144° and ca. 146°. All the
WCAs over the 1−14 pH range are in the range of 144° to 160°,
indicating that the pH value of the aqueous solution has no remarkable
effect on the surface wettability. These results indicate that the as-
prepared MLHTS surface shows (super)hydrophobic property in
various aqueous medium whether in neutral solutions or acidic and
basic solutions. The thermal stability of the surface was tested by
exposing the sample in 250 °C atmosphere for 24 h. Figure 6f shows
the evolution of WCAs upon exposure in 250 °C atmosphere, which
displays almost no change (ca. 160°), indicating the MLHTS surface
superhydrophobicity can be maintained up to 250 °C. These results
suggest that the as-prepared MLHTS superhydrophobic surface has
superior thermal stability to other reported superhydrophobic
surfaces.43

All the above experimental results on resistances and stabilities
reveal that the as-prepared MLHTS superhydrophobic surface has
remarkable durability whether in air-storage, or exposure to various
harsh environments (e.g., corrosive medium, UV irradiation,
mechanical abrasion, acidic/alkali and high-temperature), suggesting
the robustness of the as-prepared surface to environments. Further
consideration of the facileness of the preparation approach of such
surface, it is hopeful to realize large-scale production of such durable
superhydrophobic engineering materials with wide industrial applica-
tions.
3.4. Mechanisms. To put deep insight into the formation and

robustness of the as-prepared MLHTS superhydrophobic surface, the
corresponding mechanisms are discussed in the following sections.
3.4.1. Formation Mechanism. From the XPS results, the reactions

during the hydrothermal process in a La(NO3)3 aqueous solution can
be written as follows

→ ++ −H O(l) H (aq) OH (aq)2 (1)

+ → ++ +2Al(s) 6H (aq) 2Al (aq) 3H (g)3
2 (2)

+ → ++ −Al (aq) 3OH (aq) AlOOH(s) H O(l)3
2 (3)

→ +2AlOOH(s) Al O (s) H O(l)2 3 2 (4)

+ → ++ −La (aq) 3OH (aq) La(OH) (s) H O(l)3
3 2 (5)

→ +2La(OH) (s) La O (s) 3H O(l)3 2 3 2 (6)

Under the high pressure and temperature created by the
hydrothermal process, the ionization of water proceeds easily,29,30,44

which can provide abundant H+ and OH−. The H+ ions in the solution
make the dissolution of Al substrate to form Al3+ ions, which further
react with OH− to form AlOOH and Al2O3. Meanwhile, the La3+ ions
in the solution react with OH− to form La(OH)3 and La2O3, which is
further precipitated on the 2024 Al surface. Thus, relying on the
reactions between the Al substrate and the environment in the
autoclave, (hydr)oxides of lanthanum and aluminum with ginkgo-leaf-
like structures were created. Such complex biomimetic nanostructures
and the abundant surface hydroxyls formed during the hydrothermal
process facilitate to induce surface superhydrophilicity,30 which shield
the intrinsical hydrophobicity of rare-earth oxides.

The reactions during the modification process can be described as
follows29

+ → +C F H Si(OCH ) 3H O C F H Si(OH) 3CH OH10 12 9 3 3 2 10 12 9 3 3

(7)

+ ‐

→ ‐ +

C F H Si(OH) 3surface OH

C F H Si(O surface) H O
10 12 9 3

10 12 9 3 2 (8)

First, hydrolysis of Actyflon-G502 molecules proceeded, during
which trialkoxysilanes were hydrolyzed in the presence of a small
amount of water to form silanol bonds (Si−OH). The silanols
subsequently reacted with the surface hydroxyl groups to form a self-
assembled C10F12H9Si(O-surface)3 film. Meanwhile, a vertical
polymerization occurred to form a grafted polysiloxane on the surface.
The groups such as −CH2, −CF2, and −CF3 on the modified surface
have extremely low surface free energies, which induces surface
superhydrophobicity. The above modification reactions are schemati-
cally illustrated in Figure 7.

Obviously, the hydrothermal treatment in a La(NO3)3 aqueous
solution facilitates formation of a rough surface with biomimetic
nanostructures and abundant surface hydroxyls, and the modification
process depletes the surface hydroxyls to form a C10F12H9Si(O-
surface)3 film and dramatically reduces the surface energy, both of
which are crucial for creating the superhydrophobic surface. Figure 8
schematically illustrates the fabricating process of the MLHTS
superhydrophobic surface.

3.4.2. Robustness Mechanism. To have a better understanding of
the robustness of the MLHTS superhydrophobic surface, the

Figure 7. Schematic illustration of an Actyflon-G502 modification process.

Figure 8. Schematic illustration of the fabricating process of the MLHTS superhydrophobic surface.
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morphology and composition of the MLHTS surface after different
durability tests are characterized. Figure 9 shows the surface
morphology after exposure to 250 °C atmosphere for 24 h (Figure
9a) and UV irradiation for 24 h (Figure 9b). As compared with that of
the pristine sample, no obvious difference can be found, which
indicates that the biomimetic nanostructures created in the hydro-
thermal process can sustain high stability during the stability and
resistance tests. Figure 9c,d presents XPS results on the surface
composition after exposure to 250 °C atmosphere for 24 h (Figure 9c)
and UV irradiation for 24 h (Figure 9d). The survey spectra of those
samples show little changes as compared with that of the pristine
sample, which reveals that the composition of the biomimetic-
structural superhydrophobic surface is highly stable in harsh
environments. Hence, the remarkable durability of the as-prepared
superhydrophobic surface can be attributed to its stable structure and
composition. The anticorrosive and intrinsically hydrophobic charac-
teristics of rare-earth oxides (coatings) suggest that the existence of
lanthanum (hydr)oxide in 2024 Al surface layer plays a crucial role for
the structural and compositional stability, which can be explained by
the following two aspects.
The structural and compositional stability of the surface layer is

mainly dependent on the interfacial interactions between the
hydrothermal products and the low-surface energy molecules
(Actyflon-G502) through the hydroxyl groups of the hydrothermal
products.4 Figure 10 schematically illustrates the bonding between
La(OH)3, AlOOH, and Actyflon-G502 molecules. The hydroxyl
groups of La(OH)3 are triple to AlOOH, which means that a La(OH)3
molecule can react with three Actyflon-G502 molecules to form strong
and stable bonding (Figure 10a) while an AlOOH molecule can only
react with one Actyflon-G502 molecule to form relative weak bonding
(Figure 10b). The strong and stable bonding between lanthanum
hydroxide and Actyflon-G502 molecules is greatly helpful to sustain
the structural and compositional stability of the as-prepared super-
hydrophobic surface layer. In addition, the intrinsical hydrophobicity
of lanthanum oxide in the surface layer also benefits the robustness of
the as-prepared superhydrophobic surface.19 Figure 11 schematically
illustrates the orientation of water molecules next to a La2O3 surface
and an Al2O3 surface. The rare-earth lanthanum atom has a unique
electronic structure with the full octet of electrons in the 5s2p6 outer
shell, which has a lower tendency to exchange electrons and form a
hydrogen bond with interfacial water molecules, resulting in the

intrinsical hydrophobicity (Figure 11a).19,45 Whereas the aluminum
atom is electron-deficient with six electrons in its three sp2-hybrid
orbitals, which tends to form a hydrogen bond with interfacial water
molecules in order to achieve a full octet of electrons, resulting in the
intrinsical hydrophilicity (Figure 11b).19,46 The intrinsically hydro-
phobic nature of lanthanum oxide is also helpful to sustain
superhydrophobicity of the as-prepared superhydrophobic surface.

4. CONCLUSIONS
In summary, ginkgo-leaf-like nanostructures composed of
(hydr)oxides of lanthanum and aluminum were constructed
on a 2024 Al surface via a facile hydrothermal treatment of the
sample in a La(NO3)3 aqueous solution, resulting in a
superhydrophilic surface. Further modification with a low-
surface-energy compound (Actyflon-G502) changed the surface
wetting character from superhydrophilic to superhydrophobic
(with a WCA of ca. 160°). The as-prepared superhydrophobic
surface shows remarkable durability in various environments,
which is due to the stable surface structure and composition for
the existence of lanthanum (hydr)oxide in the surface layer.
The strong and stable bonding between lanthanum hydroxide
and Actyflon-G502 molecules, and the intrinsical hydro-
phobicity of lanthanum oxide are both helpful to sustain the

Figure 9. FIB-SEM images and XPS survey spectra of the MLHTS superhydrophobic surface after different durability tests: (a and c) 250 °C
atmosphere for 24 h and (b and d) UV irradiation for 24 h.

Figure 10. Schematic illustration of bonding between Actyflon-G502
and (a) La(OH)3 and (b) AlOOH.
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structural and compositional stability of the surface layer. As the
durable superhydrophobic surfaces that are robust to harsh
environments are needed in a broad range of applications, the
as-prepared superhydrophobic surface is expected to have
widespread applicability. Moreover, the fabricating approach for
such a robust superhydrophobic surface can be easily extended
to other metals and alloys.
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