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Abstract A novel fluorine-free and silicon-free super-
hydrophobic aluminum alloy (treated-Al) is fabricated
by chemical etching using hydrochloric acid and
hydrogen peroxide and modified with an organic
carbon dot (OCD) coating. The water contact angle
(CA) of the treated-Al surface increases with the OCD
concentration. When etched aluminum (etched-Al) is
modified with 0.5 mg/ml OCDs, a CA of 161.4� is
achieved, which indicates good nonwettability. SEM
results verify that porous microstructures with cavities
are uniformly distributed on the surface of etched-Al,
in contrast to the bare aluminum alloy, which forms a
primary rough structure. After treatment with 0.5 mg/
ml OCDs, a nanoparticle coating is dispersed on the
rough structures of treated-Al-0.5, which can trap air
and make a water droplet essentially rest on a layer of
air. The treated-Al-0.5 material has good self-cleaning
properties and can sweep away contaminants at both
20 and 0�C. The Ecorr and Icorr of treated-Al-0.5 are
� 0.56 V and 2.82 9 10�6 A/cm2, respectively, which
shows good anticorrosion performance.

Keywords Organic carbon dots, Chemical etching,
Superhydrophobicity, Anticorrosion, Aluminum alloy,
Self-cleaning

Introduction

Aluminum alloys with low density, high specific
strength, and excellent thermal and electrical conduc-
tivity are very important engineering materials and are
widely used in automobiles, buildings, aircraft, and so
on. To further widen the applications, it is necessary to
create new functions for aluminum alloys. Recently, a
great deal of attention has been focused on the
fabrication of superhydrophobic surfaces due to their
potential applications as self-cleaning,1 antiicing,2 and
anticorrosion3 materials in recent decades. In addition,
surface modification is a constructive method that has
the potential to create superhydrophobic surfaces and
is capable of combating the transmission and spread of
COVID-19 due to the self-cleaning performance of
superhydrophobic surfaces.4

By mimicking the lotus effect, the common way to
produce superhydrophobic surfaces usually includes
two key procedures, namely rough structure creation
and subsequent modification by low-surface-energy
materials. Thus, various techniques have been investi-
gated to prepare superhydrophobic surfaces, including
chemical etching,5,6 laser processing,7,8 layer-by-layer
assembly,9,10 the sol–gel method,11,12 chemical vapor
deposition,13,14 and plasma processing.15,16 Although
these reported fabrication methods of superhydropho-
bic surfaces show excellent performance, toxic low-
surface-energy materials are always used, such as
fluorine-containing compounds.17–19 In addition, ZnO,
TiO2, and SiO2 are widely used during the creation of
the rough structure, which may threaten human
health.20–22

Therefore, eco-friendly materials are highly desired
to fabricate superhydrophobic surfaces. Recently, as a
new carbon nanomaterial, carbon dots (CDs) have
attracted considerable attention owing to their
nanometer size, good biocompatibility, low toxicity,
excellent optical properties, and high photostabil-
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ity.23–27 Considering these advantages, CDs have led to
a range of potential applications, such as sensors,28

solar cells,29 bioimaging,30 and catalysts.31

With regard to the preparation of superhydrophobic
surfaces, there is no available example in the literature
reporting the incorporation of CDs. In this article, we
report the preparation of a novel fluorine-free and
silicon-free superhydrophobic aluminum alloy surface
through a facile and efficient method of chemical
etching using hydrochloric acid and hydrogen peroxide
at lower concentrations. The fabrication process is
followed by treatment with an organic carbon dot
(OCD) coating, which acts not only as the rough
structure component but also the low-surface-energy
modifier. The achieved superhydrophobic aluminum
surface with OCD coating is characterized and evalu-
ated in detail in terms of its wettability, self-cleaning,
and anticorrosion performances.
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Experimental section

Materials

Aluminum alloy (SAE AMS 4037) was provided by
Kaiser Aluminum Corporation and cut into 50 mm 9
25 mm 9 2 mm pieces. Hydrochloric acid (37%, w/w),
hydrogen peroxide (30%, w/w), petroleum ether
(60–90�C), dichloromethane, ethanol, and acetone
were supplied by Chengdu Kelong Chemical Com-
pany. Cetylpyridinium chloride monohydrate (CPC)
was obtained from Sigma-Aldrich. NaOH was ob-
tained from Guangdong Chemical Reagent Engineer-
ing-Technological Research and Development Center.

Preparation of OCDs

NaOH (2.0 M) was added to a CPC aqueous solution
(15 mM) at room temperature. The reaction could be
terminated any time by adjusting the pH of the
solution to neutral with HCl. After the reaction, OCDs
were separated by adding CH2Cl2 to extract the OCDs
into the bottom organic layer. Dialysis was applied to
remove the excess reagents and other water-soluble
components. The OCD samples were vacuum-dried at
45�C.32

Preparation of superhydrophobic surfaces

An SAE AMS 4037 plate was polished with sandpaper,
cleaned ultrasonically in deionized water, acetone, and
ethanol (each for 10 min), and dried under vacuum to
produce untreated-Al. Then, the plate was etched for
15 min with a mixture of HCl (1 mol/l) and H2O2

(1 mol/l). The etched plate (etched-Al) was cleaned
ultrasonically in deionized water, immersed in hot
water (50�C) for 1 h, rinsed with deionized water, and

then dried in vacuum. The OCDs were dissolved in
petroleum ether at room temperature to obtain
homogeneous solutions of 0.008, 0.01, 0.05, 0.1, 0.2,
0.5, and 1.0 mg/ml. The etched-Al was immersed into
the solutions for 3 h to produce treated-Al-0.008,
treated-Al-0.01, treated-Al-0.05, treated-Al-0.1, trea-
ted-Al-0.2, treated-Al-0.5, and treated-Al-1.0, respec-
tively. Then, the plates (treated-Al) were dried at room
temperature. The main steps of fabricating coatings on
the superhydrophobic aluminum alloy surfaces are
shown in Fig. 1.

Characterization of superhydrophobic surfaces

The water contact angle (CA) was measured on a
Kruss DSA30S contact angle system with a 3 ll
droplet. The root-mean-square roughness (Rq) of the
surfaces was measured by laser scanning confocal
microscopy (LSM 800, Zeiss, Germany) according to
the requirements of ISO 25178. The surface roughness
of each sample was measured in a 500 9 500 lm2

planar area for at least three different positions. FTIR
spectra were recorded in the range of 400–4000 cm�1

on a Spectrum Two spectrometer (PerkinElmer,
USA). Transmission electron microscopy (TEM)
images were acquired on a Tecnai G2 F20 S-TWIN
transmission electron microscope (FEI, USA). SEM
analysis was performed with a JEOL JSM-6480A
microscope. XPS data were collected on an Axis Ultra
X-ray photoelectron spectrometer (XSAM 800, Kra-
tos, UK) using a mono-Al Ka X-ray excitation source.
The anticorrosion analysis was performed in 3.5 wt%
NaCl at ambient temperature via an electrochemical
workstation (PARSTAT 4000A, Princeton). The Pt
electrode was the counter electrode, the Ag/AgCl

Fig. 5: TEM image of OCDs
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electrode was the reference electrode, and the samples
served as the working electrode. Before testing, all the
samples were immersed in the NaCl solution for
20 min to ensure the system was stabilized, and the
corresponding scan rate was 1.0 mV/s.

Results and discussion

Wettability of aluminum surface treated
with OCDs

The OCDs appear deep brown and granular and can
be stably suspended in common organic solvents.
Photos of different concentrations of OCDs in petro-
leum ether and water droplets on treated-Al-0.5 are
shown in Fig. 2. Water droplets with good spherical
shapes ride on the surfaces, indicating good hydropho-
bic properties.

From Fig. 3, it can be seen that the pristine
aluminum is hydrophilic and has a CA of 73.9�. When
a water droplet touches the surface of etched-Al, the
water droplet slowly spreads on the surface and wets
the whole surface, which makes it difficult to measure
the CA value. At this time, the CA value is nearly 0�,
which indicates the superhydrophilic performance of
etched-Al. According to the Wenzel theory,33 the
hydrophilicity will be increased for a hydrophilic
surface with further increasing surface roughness,

which could be explained by the above phenomenon
of the more hydrophilic nature of etch-Al due to its
larger roughness than that of pristine aluminum.34

The CA increases gently to 78.9� after treatment
with 0.008 mg/ml OCDs. However, after treatment
with 0.01 mg/ml OCDs, CA drastically increases to
157.6�. With increasing OCD concentration, CA
increases accordingly, which indicates enhanced non-
wettability. Furthermore, the maximum CA (161.4�) is
achieved when Al is treated with 0.5 mg/ml OCDs.
However, CA is not obviously increased when the
OCD concentration is further increased.

Based on the equation of Cassie and Baxter,35

cos hc ¼ f1 cos h� f2 ð1Þ

f1 þ f2 ¼ 1 ð2Þ

where hc and h are the apparent contact angles of the
water droplets on the rough surface and flat surface,
respectively, and f1 and f2 are the area fractions of the
aluminum surface and air on the surface, respectively.
In the case of the present fabricated superhydrophobic
surface of treated-Al-0.5, hc and h are 161.4� and 73.9�,
respectively. It can be calculated that f1 and f2 are 0.041
and 0.959, respectively, which indicates that only
approximately 4.1% of the water surface is in contact
with the aluminum surface and the remaining 95.9% of
the water droplet is suspended on the air. It is obvious
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Fig. 6: LSM images of (a) untreated-Al, (b) etched-Al, (c) treated-Al-0.008, and (d) treated-Al-0.5
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that the contact area between the air and the water
surface accounts for the overwhelming majority of the
contact area. As a result, the treated-Al-0.5 exhibits
good superhydrophobicity.

Figure 4 shows the FTIR spectrum of the OCDs.
The observed peaks at 2922 and 2852 cm�1 are
assigned to the stretching vibration of C–H, corre-
sponding to CH3 and CH2 moieties in CPC, respec-
tively. The bands near 1466 and 1375 cm�1 are
attributed to CH2 stretching vibration deformation. It
is believed that the concentration of OCDs has a key
effect on the wettability of the as-prepared surfaces.
The presence of CH3 and CH2 on OCDs is confirmed
to contribute to the hydrophobic performance of
treated-Al.

Figure 5 displays a TEM image of the OCDs. It is
confirmed that the OCDs are spherical in shape and
are well dispersed from each other. The average size of
the OCDs is approximately 2 nm, which causes the
OCDs to be stably suspended in petroleum ether.

Fig. 7: SEM images of (a) untreated-Al, (b) etched-Al, (c and e) treated-Al-0.008, and (d and f) treated-Al-0.5
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Surface morphology of aluminum surface treated
with OCDs

To understand the surface structure, the morphology
and roughness of the as-prepared superhydrophobic
surface were studied from LSM images. From Fig. 6, it
is observed that the surfaces exhibit different rough
surface structures. The surface roughness Rq of
untreated-Al is only 0.654 lm, which is flat and
smooth. As shown in the LSM data, Rq increases to
8.24 lm when aluminum is chemically etched with HCl
and H2O2, which indicates the improved roughness on
the surface. After the etched-Al was modified with
OCDs, the continuous uniformity distribution of
OCDs on the Al alloy surface was verified, and Rq
was further increased. For treated-Al-0.008 and trea-
ted-Al-0.5, the Rq values are 15.8 lm and 12.2 lm,
respectively. This enables the formation of superhy-
drophobic surfaces with micro/nanoscale surface
roughness. Although the roughness of treated-Al-0.5
is less than that of treated-Al-0.008, the CA of treated-
Al-0.5 is much larger. It is proposed that the proper
roughness is a key factor in acquiring a superhy-
drophobic surface, which does not mean that a larger
roughness is better.

The micromorphology of the untreated-Al and
treated-Al surfaces was further researched by SEM.

From Fig. 7a, the Al surface is relatively flat. It is
observed that all the treated-Al surfaces exhibit
different hydrangea-like rough surface structures. For
etched-Al, the microscale pores and nanoscale flakes
form a hierarchical structure on the surface. Nanosized
OCDs are deposited on top of this rough surface in the
form of physical adsorption and cannot be washed
away easily. After treatment with 0.008 mg/ml OCDs,
the surface is randomly dotted with many microscale
spherical clusters with an average diameter of approx-
imately 60 nm (Fig. 7e), indicating that the surface has
a hierarchical micro-nanostructure with a CA of 78.9�.
After treatment with 0.5 mg/ml OCDs, while innumer-
ous nanopores orthogonally align with local facets on
the Al surface, under larger magnification, it can be
seen that the granulates are distributed on these rough
structures (Fig. 7f), which enables Al to acquire good
water repellence with a CA of 161.4�. Due to the
absorption and van der Waals interactions on the
surface, the low-surface-energy materials combine with
a unique hierarchical structure introduced by the
nanosize OCDs, providing sufficient roughness to
stably trap a great deal of air to decrease the contact
area between the water droplet and the solid surface,
enhancing the superhydrophobicity, which corresponds
to the Cassie state.35

Fig. 9: Self-cleaning ability at 20�C (left: untreated-Al, right: treated-Al-0.5) (a); Self-cleaning ability at 0�C (left: untreated-
Al, right: treated-Al-0.5) (b)

Fig. 10: Optical images of water jet impact on (a) untreated-Al and (b) treated-Al-0.5
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Surface composition

XPS was performed to investigate the surface chem-
istry of the samples. From the full survey spectrum
(Fig. 8), signals of C 1s, O 1s, Al 2s and Al 2p peaks are
all detected. Two main signal peaks, corresponding to
carbon (C 1s, 284.8 eV) and oxygen (O 1s, 531.2 eV),
appear in the spectrum. From the XPS study, it is
evident that the chemical composition of the aluminum
surface remains unaltered. Furthermore, we can infer
that a low-surface-energy coating of OCDs is formed
on the aluminum substrates. Based on the above
analyses, it can be concluded that the combination of
hierarchical structure and chemical composition is very
important to construct a superhydrophobic surface.

Self-cleaning and anticorrosion applications

The corresponding self-cleaning properties were deter-
mined using black charcoal powder as an artificial
contaminant at temperatures of 20 and 0�C. As shown
in Fig. 9, it was clearly observed that water droplets
pick up contaminants and slide away from the surface
of treated-Al-0.5 at a temperature of 20�C. Moreover,
the good self-cleaning properties of treated-Al-0.5 are
not obviously influenced by the lower temperature, the
contaminants can be washed away by the water
droplets, and no residue on the trail is left at 0�C. It
was confirmed that this hierarchical superhydrophobic
surface has excellent self-cleaning properties. The
impact of a high-speed jet of water on the surface of
untreated-Al and treated-Al-0.5 was also investigated.
From Fig. 10, it can be seen that the reflected water jet
can be easily bounced off and prevents water droplets
from accumulating on the surface of treated-Al-0.5,
which also confirms the mechanical stability of the
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superhydrophobicity. This is attributed to the strong
physical adsorption of OCDs in the hierarchical micro-
nanostructure. However, on the surface of untreated-
Al, the bouncing phenomenon is not observed, and the
water spreads and accumulates.

From Fig. 11a, it can be seen that the corrosion
potential (Ecorr) of untreated-Al is � 0.56 V, which is
the lowest among the test results. Compared to
untreated-Al, the Ecorr of treated-Al-0.5 is positively
shifted and increased to � 0.35 V. Moreover, the
corrosion current density (Icorr) of treated-Al-0.5 is
decreased to 2.82 9 10�6 A/cm2, which is the lowest.
Generally, a surface with a positively shifted Ecorr and
a low corrosion current density Icorr can lead to
superior corrosion resistance.36 It is obvious that the
untreated-Al substrate exhibits the worst anticorrosion
performance among these samples. This is a result of
the reactive chlorine ions abundant in the liquid (3.5
wt% NaCl aqueous solution), which can corrode Al
substrates and lead to penetrating and pitting failures.
However, the anticorrosion properties of the Al alloy
were greatly enhanced after modification by chemical
etching and OCD coating. Moreover, the superhy-
drophobic surface of treated-Al-0.5 has the best
anticorrosion performance compared with the other
two samples.

The corrosion resistance of the superhydrophobic
surface was further explored by EIS. As shown in
Fig. 11b, treated-Al has a higher impedance value than
untreated-Al. In general, the larger the radius is, the
better the corrosion resistance of the material. The
results show that the anticorrosion performance of
treated-Al is much better than that of untreated-Al.

The self-cleaning and corrosion resistance perfor-
mance mechanisms could probably be related to the
hydrophobicity of the Al surface (see Fig. 12). During
self-cleaning, the air trapped in the space around the
hierarchical structure of treated-Al-0.5 could reduce
the contact area between the water droplet and the
superhydrophobic surface so that the water droplet can
easily slip from the superhydrophobic surface and wash
away contaminants. With regard to the anticorrosion
properties, the entrapped air in the interface between
the solid (treated-Al) and liquid (3.5 wt% NaCl
aqueous solution) can interfere with the penetration
of water into the substrate. Hence, electron transfer is
blocked, which leads to a lower corrosion speed and
keeps corrosive media away from the surface to
provide better corrosion protection. This result indi-
cates that the superhydrophobic surface is effective for
improving the corrosion resistance of aluminum.

Conclusions

Superhydrophobic surfaces have been fabricated in this
work by combining chemical etching and organic
carbon dots (OCDs). Coating with OCDs at a concen-
tration of 0.01 mg/ml or above helps to form a

continuous hierarchical micro-nanostructure on the
surface of etched-Al. Then, the resulting treated-Al
shows good hydrophobic behavior, and the self-clean-
ing and corrosion resistance of the plate is improved.
The results provide a new approach to prepare
superhydrophobic surfaces of materials through a
low-cost and environmentally friendly OCD coating,
in addition to the traditional modification of fluorine or
silicon.
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