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stress built up during the creation of these surfaces. The sat-
uration of dangling bonds with hydroxyl species will com-
pensate the energy consumption for the cleavage of Al-O
bonds, leading to substantially low or even negative surface
energy. The high stability of the hydroxylated surfaces would
eventually shape the preference for a high-surface-area
micro/nanostructures as the thermodynamic ground state,
which guarantees their resistance to structural collapse.

The small or negative SE of the hydroxylated �-Al2O3 [1]
suggests a new modi�cation layer to obtain superhydropho-
bicity, which is inorganic and has good mechanical proper-
ties. However, �-Al2O3 is a metastable polymorph obtained
in the heating process to synthesize �-Al2O3 and it cannot
preserve to room temperature unless it exists as nanograins
and coexists with other alumina phase. Although previous
work reveals the hydrophobicity of Al2O3 by plasma electro-
lytic oxidation (PEO) [2], it is far from the regular structure
and �-Al2O3. Here, we employ the arcing discharge plasma
chemistry in PEO and surface structure control in anodic
oxidation [3] to develop a one-step and scalable method to

prepare a multiphase (�, amorphous, etc.) intergrowth com-
posite Al2O3 coating with the coral-like micro/nanostructure
which has a surface layer composed of nanosize �-Al2O3
grains and micro/nanopores. The observation of superhy-
drophobicity is reported on this coating surface, which
o�ers excellent performance under harsh conditions includ-
ing high temperature, open �ame, corrosion, wearing, and
aging.

A high temperature of about 2,000°C produced by instan-
taneous arcing in PEO can provide enough energy to form �-
Al2O3, while the shock cooling in the water-based electrolyte
cools �-Al2O3 to room temperature and creates conditions
for hydration [4]. Inspired by the controllable micro/nanos-
tructures by pH in anodic oxidation [5], a weakly acidic elec-
trolyte is adopted to produce the nanoporous structure. At
the same time, NaF is introduced to the electrolyte to pro-
duce HF slowly as the microarc discharge energy is increased
in the plasma discharge. HF etches the surface of the multi-
phase alumina coating [6] producing a thin surface layer with
mainly �-Al2O3.
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Figure 1: (a) Schematic illustration of the hydration process. Water molecules will dissociate into OH- and H- fragments, releasing energy
that can compensate the energy penalty caused by the cleavage of Al-O bonds. The overall surface energy can become negative owing to
this compensation e�ect. (b) Electrochemical mechanism of the coating growth. Three stages are shown: (I) Al dissolution and alumina
formation, (II) Al2O3 erosion, and (III) formation of the coral-like layer.
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2. Method

2.1. Sample Preparation. The commercial LY12 Al alloy was
cut into rectangular pieces with dimensions of 50 mm ×
25 mm × 1 mm. The samples were degreased in acetone
and dried in warm air. A 20 kW pulsed bipolar power supply
and constant current mode were used in the PEO experi-
ment, and the electrolyte was composed of sodium hexame-
taphosphate ((NaPO3)6, 20 g/L), ethylenediamine tetraacetic
acid disodium salt (Na2EDTA, 5 g/L), sodium �uoride
(NaF, 3 g/L), and ammonium iron(III) oxalate hydrate
(C6H12FeN3O12·3H2O, 4.5 g/L). The experiments were per-
formed at a constant current density (6 A dm-2) at 200 Hz
for 5 min with a duty cycle of 20% using a 20 kW AC power
supply. The temperature of the electrolyte was controlled to
be below 40°C using an external water cooling system. After
PEO, the samples were washed with distilled water and
vacuum-dried at 120°C for 24 hours before the contact angle
measurements.

2.2. Sample Characterization. A �eld emission scanning
electron microscope (FESEM, Carl Zeiss, SUPRA® 55) was
employed to characterize the surface and cross-sectional
morphologies of the PEO coatings and the elemental dis-
tribution and composition were determined by energy-
dispersive X-ray spectroscopy (EDS). The phase composi-
tion was determined by X-ray di�raction (XRD, Bruker, D8
Advance) with a Cu target (� = 0:15418 nm) and the data
were collected at 2� = 10°~80° at a scanning rate of 2� = 2°/
min. X-ray photoelectron spectroscopy (XPS, Thermo
Fisher, ESCALAB 250X) was utilized to determine the com-
position of the coatings, and the spectra were referenced to
the C1s peak (284.8 eV). The atomic structure of the coating
was examined by high-resolution �eld emission transmission
electron microscope (TEM: JEM-3200FS, Japan).

2.3. Performance Measurements

2.3.1. Contact Angle Measurements. The water CAs were
measured on a commercial contact angle meter (PT-705B,
Dong Guan Precise Test Equipment Co., Ltd., China). The
volume of water droplets was 2 �L, and three di�erent spots
were measured on each sample to obtain the average.

2.3.2. Aging Testing. The samples were exposed to air for 360
days, and the contact angle was measured every 30 days. The
CAs shown here are the average of 5 measurements.

2.3.3. Wear Testing. The friction and wear tests were con-
ducted on a reciprocating machine (MFT-5000, Rtec Instru-
ments, USA) with the nonwoven fabric as the counterpart.
The load was 10 N, friction frequency was 0.5 Hz, and wear
distance was 15 mm. The CAs and surface morphology were
determined after 2,000 cycles at ambient temperature (rela-
tive humidity is about 30%).

2.3.4. Corrosion Testing. The polarization curves were
acquired on an electrochemical workstation (1470E, Solar-
tron Metrology) between -2.0 and 0 V versus the saturated
calomel electrode (SCE) at a scanning rate of 10 mV/s at
25°C in the NaCl (3.5 wt%) solutions. The corrosion potential

(Ecorr) and corrosion current density (icorr) were analyzed
by the Tafel extrapolation method. The salt spraying test
was performed to evaluate the CAs on the coatings and
dependence on corrosion time.

2.3.5. Firing Testing. Three types of materials including
polyimide (PI), polytetra�uoroethylene (PTFE), and the
superhydrophobic coating were examined in an alcohol
lamp �ame to evaluate the �ame resistance and the hydro-
phobicity was evaluated.

3. Results and Discussion

The U-I curves of the discharge and schematic of the coating
mechanism are shown in Figure 1(b). In the constant current
mode, the oxide layer thickens with discharge time and the
impedance increases. As a result, the discharge voltage
should increase monotonically until the end of the discharge.
However, in the weakly acidic electrolyte, the discharge volt-
age increases quickly at �rst but decreases slowly when the
voltage is over 400 V, revealing three stages in the coating
process. At the beginning of PEO, alumina grows on the Al
alloy initially and a larger discharge intensity and arcing tem-
perature increase the coating thickness. Transmission elec-
tron microscopy (TEM) suggests that the multiphase
alumina including the � phase begins to form (Figure S1)
[4]. As the coating becomes thicker and the impedance
increases, the total arc number decreases, while the intensity
of each arc increases [5]. The higher arc energy improves the
corrosion of the coating in the weakly acidic electrolyte
resulting in decreased discharge voltage. Therefore, both
growth and corrosion (etching) take place and the
nanotubular structure starts to from in the coating in the
second stage. Although the impedance of the coating
decreases slightly because of the porous structure, the
thickness of the coating still increases with time. The arc
energy continues to increase inducing the reaction between
NaF and the acidic electrolyte and subsequent production of
HF. Owing to the reduced arc number, the amount of HF is
small and so only amorphous alumina, not crystalline, is
etched [7]. In this way, crystalline alumina (mainly �-Al2O3)
domain which has high corrosion resistance is formed in
the coating surface. The pH and the NaF concentrations are
optimized and the CAs are shown in Figure S2.

Figure 2 and Figure S3 show the materials and structure
of the coatings. The coating surface exhibits an irregular
coralline-like interconnected skeleton forming a cellular
structure with a size of 300 to 400 nm. In each skeleton,
small nanoholes with a size of 10-50 nm are present. This
multilevel micro/nanostructure (Figure S3(A)) shows the
corrosion e�ects of the weakly acidic electrolyte. The cross-
sectional images show three typical layers between the
surface and substrate with a total thickness of 4-5 �m.
The top layer has an irregular coralline-like structure,
and the middle layer has a nanotubular structure with a
diameter of about 200 nm and 10-50 nm nanoholes. The
bottom layer is a dense layer with a thickness of about
300 nm (Figure S3(B)). The coating is mainly composed
of Al and O and a trace amount of C which arises from
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surface adsorption of hydrocarbon compounds from air.
No obvious peaks are observed by XRD, thus suggesting an
essentially amorphous structure (Figure S4). The results show
that an alumina coating with a multilevel micro/nanostructure
is formed. TEM performed on the coating materials scraped
o� from the sample shows that the coating contains not only
amorphous but also crystalline alumina distributed uniformly
in the amorphous alumina matrix as nanograins with a size
of 2-5 nm. The d-spacings of the alumina grains determined
by electron di�raction (Figure 2(c)) are 0.255 nm and
0.354nm [8], corresponding to the �-Al2O3 (111) and [10-
2], respectively, which are the planes with small or negative
SE after hydration [1, 9]. A 2-5nm crystalline layer is
observed from the surface of the alumina particles as shown
in Figure 2(b). It is composed of �-Al2O3 and expected to
play a critical role in the surface hydrophobicity. The coating
materials are scraped from the substrate and pressed them
into a bulk disc for testing (Figure S5). The disk shows a
contact angle of about 120° con�rming a low SE surface.

The surface hydrophobicity of the coatings depends on
hydration/dehydration of �-Al2O3 which plays an important
role to produce smaller or negative SE. The dehydration
temperature is about 623 K as measured by infrared spec-
troscopy (IR) spectrum in Figure S6. The hydrophobicity of
the hydration/dehydration coating is performed, as shown
in Figure 2(d). At the room temperature, the IR spectrum
taken from the powder scraped from the coating shows an
obvious vibration peak at 3489 cm-1 which is the typical
vibration of OH-, suggesting that the �-Al2O3 is hydroxylated.

When the coating is heated to 673 K, IR shows that the
vibration peak of OH- disappears indicating dehydration.
At the same time, the coating becomes hydrophilic due to
increased surface energy from dehydration [10]. However,
the dehydrated �-Al2O3 can regain superhydrophobicity
after hydration again. The IR spectrum of the dehydrated
coating after hydration for 24 h in air shows the OH-
peak again implying recovery of the hydrophobicity. This
phenomenon repeats itself with heating thereby providing
evidence that hydration plays a critical role in the small
or negative SE and superhydrophobicity of �-Al2O3.

The wetting experiment on the coating shows that the
static contact angle is 152° and the sliding angle is no
more than 3°. The droplet cannot spread but instead bounces
as it contacts the coating surface as observed by high-speed
photography (Figure 3(a), Figure S7, and Movie S1). In
comparison, a hydrophilic surface wets readily and the
droplet does not bounce. To assess the robustness of
superhydrophobicity, aging, wear, high-temperature, and
burning experiments are performed. After ambient exposure
for one year, no obvious decrease in the contact angle
occurs as shown in Figure 3(b). The high-temperature
experiment is conducted by adding a heater to the contact
angle instrument (Figure S8 and Movie S2). The sample is
placed on the heating stage and heated to 300°C. At this high
temperature, the droplet spreads quickly upon contact with
the hydrophilic material surface. A cone forms from the
needle to the sample surface and a large amount of bubbles
are produced until the droplet evaporates. However, when
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Figure 2: Morphology and structure of the prepared coating. (a) Surface and the cross-sectional images by SEM showing three typical layers
form the surface to substrate: irregular coralline-like layer, nanotubular layer, and dense layer. (b) TEM images of the powder scraped from
the coating: a 2-5 nm crystalline layer (mainly �-Al2O3) is observed on the surface of the coating. (c) High-resolution images of the �-Al2O3
grains and electron di�raction data: �-Al2O3 (111) and (10-2) nanograins are embedded in the amorphous alumina matrix. (d) IR spectrum at
room temperature and 673 K: the hydration/dehydration repetition shows a repeatable small SE and superhydrophobicity.
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