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ABSTRACT: A superhydrophobic steel surface was prepared
through a facile method: combining hydrogen peroxide and an
acid (hydrochloric acid or nitric acid) to obtain hierarchical
structures on steel, followed by a surface modification
treatment. Empirical grid maps based on different volumes
of H2O2/acid were presented, revealing a wettability gradient
from “hydrophobic” to “rose effect” and finally to “lotus effect”.
Surface grafting has been demonstrated to be realized only on
the oxidized area. As-prepared superhydrophobic surfaces
exhibited excellent anti-icing properties according to the water-
dripping test under overcooled conditions and the artificial “steam-freezing” (from 50 °C with 90% humidity to the −20 °C
condition) test. In addition, the surfaces could withstand peeling with 3M adhesive tape at least 70 times with an applied pressure
of 31.2 kPa, abrasion by 400 grid SiC sandpaper for 110 cm under 16 kPa, or water impacting for 3 h without losing
superhydrophobicity, suggesting superior mechanical durability. Moreover, outstanding corrosion resistance and UV-durability
were obtained on the prepared surface. This successful fabrication of a robust, anti-icing, UV-durable, and anticorrosion
superhydrophobic surface could yield a prospective candidate for various practical applications.
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■ INTRODUCTION

Superhydrophobic surfaces have attracted tremendous scientific
interest. Inspired by the lotus,1−3 salvinia,4,5 water-strider legs,6,7

rose petals,8,9 and gecko’s feet,10,11 a number of surfaces with
special wetting behavior have been developed. These surfaces,
which have static contact angle above 150°, promise a wide range
of potential applications in self-cleaning,12−14 anti-icing,15,16

anticorrosion,17,18 oil/water separation,19−21 medical sci-
ence,22,23 drag reduction in fluid flow,24,25 etc. It is widely
accepted that low surface energies and high surface roughness
values are required to fabricate a superhydrophobic surface. A lot
of effort has been devoted to understanding the surface
morphology of superhydrophobic materials and then to mimic
their structure to improve the water repellency. Among these
surfaces, the biomimetic structure of a lotus, which comprises of
micro−nano hierarchical structure, is believed to provide
outstanding superhydrophobicity and is accepted by most
researchers.3,26−29

Methods to achieve superhydrophobicity can be classified into
two categories:30 (a) modifying a rough surface with low surface
energies and (b) preparing a rough surface from a low surface
energy material. Various methods have been developed to
prepare a rough surface for large-scale applications, such as
electrochemistry,31 mechanical machining,32 topography trans-
fer,33 and lamination;34 chemical etching is the common way to

create a rough surface morphology on metal. An acid or base
solution is often chosen to corrode the metal surface and obtain
hierarchical structures. Nakayama et al. prepared hierarchical
structures on pure aluminum sheets through CuCl2/HCl
etching;35 Yang et al. fabricated a superhydrophobic surface on
pure aluminum plates by HCl corrosion and boiling-water
treatment.36 Preparing a superhydrophobic surface on steel
through the combination of H2O2 and HCl/HNO3 is relatively
recent and is still scarcely reported.37,38 To the best of our
knowledge, only a few papers have reported a similar method to
etch the substrate: Xiu et al. prepared a superhydrophobic surface
on Si by the etching of HF and H2O2 method,

37 and Gupta et al.
designed the surface structures on AZ31 alloy using the
combination of H2SO4 and H2O2.

38 However, the mechanical
durability of the aforementioned surfaces is not strong, which will
be discussed in the following sections. The other key point in
achieving a superhydrophobic surface is the low surface energy
modification. Here, low surface energy silanes are chosen to
modify the surface. During the self-assembly process, organo-
silanes are hydrolyzed by water to create the corresponding
hydroxysilane [i.e., RSi(OH)3]. The surface −OH groups work
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as anchoring points for the formation of a covalent bond with the
surface Si−OH. Thus, the sufficient density of surface −OH
groups could help to improve the surface grafting efficiency and
to form stable low surface energy monolayers. It is worth noting
that oxidized films are formed after most metal-etching
processes;39−41 however, as compared with the surface
morphologies, the extent to which the oxidized films influence
the surface wetting and the modification efficiency of
fluorosilanes has not been sufficiently investigated. In fact, the
surface of oxides could form surface-bound hydroxyl (i.e.,−OH)
after being exposed to humid air or upon activation treatment.42

Therefore, the surface of an oxidized metal is an excellent
substrate for the grafting of low surface energy hydroxysilane.
One of the problems hindering the large-scale application of a

superhydrophobic surface is the poor mechanical durability.
Most of the currently prepared superhydrophobic surfaces,
including the lotus leaves in nature, are incapable of resisting
mechanical damage: the fragile micro−nano hierarchical
structures are prone to be destroyed after a slight scratch,
abrasion, impacting, and even finger touch,43 to say nothing of
peeling with adhesive tape or the abrasion by the sandpaper.
Although some mechanically durable superhydrophobic surfaces
have been reported, they actually rely on an intrinsic durable
media, such as fabric,44−46 polymer,47,48 or metal meshes.49,50

Achieving mechanically durable superhydrophobicity without
introducing external media (i.e., on a flat metal surface) is still a
great challenge. Besides, UV-durability and anticorrosion
properties are equally crucial for practical outdoor use, which
mainly depends on the surface chemical composition and surface
structures. Notably, 1045 steel is one of the most important
engineering materials and it has been used widely in construction
and machinery. Therefore, it is of great significance to create a
superhydrophobic steel surface with excellent mechanical
durability and UV-durability, as well as anticorrosion ability.
Using the superhydrophobic surface to prevent or delay the

freezing process is relatively recent and has been a hot topic for
investigation considering the outstanding water repellency of
superhydrophobic surfaces. The main reasons for the anti-icing
properties of a superhydrophobic surface could be ascribed to the
following: one is the removal of water before it freezes and the
other one is the delay of crystallization caused by the lower
freezing point or the barrier for heat transfer. Jiang et al. prepared
anti-icing coatings with self-lubricating liquid;51 Boinovich et al.
fabricated icephobic coatings by etching steel with FeCl3
solution52 that exhibited good anti-icing properties in a natural
environment. Though various superhydrophobic surfaces with
anti-icing properties have been developed, their anti-icing
performance under different conditions has not yet been
adequately examined,53 especially in low-temperature and high-
humidity environments.
Herein, we report a superhydrophobic steel surface with

excellent mechanical stability and anti-icing property fabricated
through the combination of H2O2 and acid (HCl or HNO3) and
subsequent treatment with 1H,1H,2H,2H-perfluorodecyltrie-
thoxysilane (i.e., FAS-17). A systematic study was carried out
with two series: the hydrochloric acid series and the nitric acid
series. An empirical grid map regarding the different wetting
behaviors based on the H2O2/acid ratio was drawn that is
instructive and could provide guidance for repeated experiments.
Surface modification efficiency and the etching reaction
mechanism were analyzed, with special consideration given to
the oxidation area. The prepared superhydrophobic surfaces
exhibited superior anti-icing in both the water-dripping test and

the “steam-freezing” test under −20 °C artificial environments.
More importantly, the prepared superhydrophobic surfaces also
displayed excellent mechanical durability according to the tape-
peeling, coarse-sandpaper-abrading, and water-impacting tests.
Meanwhile, the UV-durability and anticorrosion properties of as-
prepared surfaces were also examined.

■ EXPERIMENTAL SECTION
Materials. 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (97%)

(FAS-17), hexane (98%), and hydrogen peroxide (30 wt % in water)
were purchased from Sigma-Aldrich. Hydrochloric acid (37 wt %) and
nitric acid (98 wt %) were obtained from Shanghai Lingfeng Chemical
Reagent Co., Ltd. 1045 steel (composition: C, 0.42−0.50; Si, 0.17−0.37;
Mn, 0.5−0.80) was used as the metal substrates and was machined to
dimensions of 20 mm in diameter, and the pretreatment of substrate is
discussed in the Supporting Information (SI).

Fabrication of the Superhydrophobic Surface. First, a different
amount of HCl or HNO3 was added into 10 mL of deionized water, and
then the cleaned substrate was immersed gently into the acid solution.
After 30 s, a different amount of H2O2 was added quickly into the mixed
solution. After reacting for 10 min, the substrate was rinsed with ethanol
and desiccated in an oven. The volume of HCl or HNO3 was varied from
0.5 to 3 mL (0.5 mL as an unit), while addition of H2O2 was varied from
0 to 3 mL (0.5 mL as an unit). Finally, the surface was soaked in 5 wt %
FAS-17 in hexane at 40 °C for 2 h. The samples were then thoroughly
cleaned with hexane and desiccated in a drying oven. After modified by
FAS-17, samples prepared by the etching of HCl andH2O2 are labeled as
A series, while those prepared by the etching of HNO3 and H2O2 are
denoted as B series; 42 different combinations of acid and H2O2 were
performed for each series.

Anti-Icing Tests.Anti-icing tests were carried out in two ways: water
dripping in an overcooled condition and a steam-freezing process.

The water-dripping test in cold conditions was performed in a self-
made anti-icing chamber, which is presented schematically in Figure 1.

Deionized water used for the dripping process was placed in a syringe
with a temperature monitor system and a heating rod. The sample was
placed on a surface with sliding angle of 30°, and the distance between
the surface of sample and the 22 gauge needle equipped on the syringe
was 10 cm. First, the sample and water were placed in the chamber and
the temperature was adjusted to −20 °C. During the cooling process,
when temperature was under 0 °C, the water temperature was kept
around 0 °C all the time by the heating rod so as to avoid the freezing of
the water. Subsequently, the water-dripping process started when the
temperature of the sample and water were stable. Here, the surface was
treated with ∼50 μL droplets at a rate of three droplets per second, and

Figure 1. Schematic diagram of the setup for water dripping in
overcooled conditions.
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the impact velocity was ∼1.4 m/s. Finally, after 20 min (∼3600 water
droplets), the freezing area on the surfaces was recorded with a camera.
The steam-freezing process was carried out in a humidity chamber.

First, the sample was exposed in the humidity chamber and then the
temperature was adjusted to 50 °Cwith a wind of 90% relative humidity.
Second, the humid wind was stopped and the temperature was adjusted

to −20 °C. As the temperature decreased, water steam would condense
into the liquid phase on the surface of all the samples and eventually turn
into ice below the freezing point.

Mechanical Durability Tests. Tape-peeling, abrasion, and water-
impacting tests were performed to assess the mechanical durability of as-
prepared superhydrophobic surfaces.

Figure 2. Surface wetting behaviors of (a) A and (b) B series.
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Tape peeling was conducted with a standard method. Testing
procedures were generally method B of ASTMD3359-09ε2. The surface
was pressed with adhesive tape and then the tape was peeled off. A thin
eraser was attached under the loading so as to ensure that good contact
was made between the sample and tape. Here, 31.2 kPa (1 kg loading on
sample) pressure and Scotch-600 tape were employed to perform the
test.
The second mechanical durability test was related to the abrasion/

wear. The prepared surface was loaded with 500 g of force, facing 400
grid SiC sandpaper as an abrading surface, and moved forward in one
direction at a rate of∼6 cm/s. The gravity of the weight can be calculated
as 16 kPa (including the weight of sample).
The water-impacting test was carried out using the reported

method:54 the prepared sample was treated with ∼100 μL droplets
falling from 30 cm. The corresponding impacting velocity was∼2.5 m/s
at a rate of one drop per second. Sample was placed at a sliding angle of
45°.
UV-Durability Test. An UV chamber equipped with a 500 W

ultraviolet high-pressure mercury lamp (Belsri/UV model, Beijing
Institute of Electric Light Source) was used for irradiation, and static
water contact angle and sliding angle of the samples were measured
every 1 h. A film filter was used to restrict the passage of ultraviolet light
within wavelengths of 350 ± 50 nm. Samples were placed in the UV
chamber for up to 50 h at 50 °C.
Characterization. Water contact angles and sliding angles were

determined with a 5-μL droplet of deionized water at ambient

temperature on a contact angle measurement instrument (JC2000D2,
Shanghai Zhongchen Digital Technology Apparatus Co., Ltd.) via a
CCD camera. The surface morphology and surface element
compositions were analyzed by a field-emission scanning microscope
(FE-SEM, FEI Quanta 250F) equipped with an energy-dispersive
spectroscope (EDS, Oxford). The distributions of detected elements
were determined using the mapping mode. A true color confocal
microscope system (Axio CSM 700) was used for morphology
observation and surface roughness measurements. A digital camera
(A3400IS, Canon) was used to record the anti-icing process and the
mechanical durability tests. The anti-icing properties were investigated
in a humidity chamber (RGDS-500, Surui Instruments Co., Ltd.).

The electrochemical corrosion test was carried out in a three-
electrode cell at room temperature. Potentiodynamic polarization
curves were measured in 3.5 wt % NaCl aqueous solution by a
electrochemical workstation (VersaSTAT 3 system, Princeton) with a
saturated calomel as reference electrode and platinum as the counter
electrode, and sample was mounted using silicone with a surface area of
3.14 cm2 (Ø 2 cm) exposed in the corrosive solution. The
potentiodynamic polarization was recorded at the scanning rate of 1
mV/s from −200 to 200 mV versus the Eocp (open circuit potential).

■ RESULTS AND DISCUSSION
Concerning the systematic study of the A and B series, 42 points
(i.e., the number of experiments for each series) were carried
with respect to the increasing concentration of H2O2 (from 0 to 3

Figure 3. FE-SEM images of the A series.
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mL) and acid (from 0.5 to 3 mL) as described in the
Experimental Section. The static contact angle and dynamic
contact angle images of series A (i.e., HCl + H2O2 series) and B
(i.e., HNO3 + H2O2 series) are presented in Figure S1 and S2 in
the SI, respectively. As shown, different wetting behaviors could
be observed with respect to the varying volume of acid or H2O2.
To further study the effect of acid and H2O2 on the wetting
behaviors, contact angle and sliding angle as a function of acid
and H2O2 volume are presented in 3D diagrams (volume of
H2O2 as X axis, acid as Y axis, contact angle or sliding angle as Z
axis) for A and B series. Moreover, empirical grid maps were
drawn on the basis of the 3D diagrams, illustrating different
wetting behavior regions as shown in Figure 2.
As can be seen, three different hydrophobic regions could be

obtained: hydrophobic, high static contact angle with high
droplet adhesion, and low adhesion regions. With the increase of
H2O2, the static contact angle remained above 150°, while the
wetting behavior varied from remarkable high adhesion to
extremely low adhesion, which could also be regarded as the
change from the “rose effect” to the “lotus effect”, showing a
gradient change. It is worthwhile to note that only in the B series
(i.e., HNO3 +H2O2 series) could the high water adhesion area be
obtained. For the A series (i.e., HCl + H2O2 series), the surface
wettability exhibited a striking contrast: only the “hydrophobic”
area and the “superhydrophobic” area could be obtained; no
transition area (i.e., high adhesion area) could be observed
compared with the B series.
Here, samples that reflected the variation of wetting behavior

were chosen and denoted as A1−A12 and B1−B12, as shown in
Figure 2. This grid map is instructive and can provide empirical
guidance for other researchers.
Surface Etching Process. FE-SEM images with different

magnifications of the A series are displayed in Figure 3. For the
samples A1−A7 (i.e., HCl was kept unchanged and H2O2
increased, as shown in Figure 2a), the surface morphologies
exhibited a significant difference: on the low-magnification level,
the surface of A1 was relatively smooth, and the surfaces showed
an increasing damage and corrosion phenomena with the
increase of H2O2; on the high-magnification level, there can be
seen different kinds of microscale asperities. This is because
defects (e.g., dislocation) exist in common crystalline metals
owning relatively high energy, which makes it easier to be
attacked by chemical etchants and dissolved first. This selective
corrosion behavior would render the surface roughness and the
asperities.40 With the increase of H2O2, the crack would spread
out andmore severe corrosion effects could be observed (A1−A7
in Figure 3). Similar conclusion could also be obtained in B series
(Figure S3, SI).
As for the samples A2 and A8−A12 (i.e., H2O2 was kept

unchanged and HCl increased, as shown in Figure 2a), it seems
that there was no significant difference between the surface
morphologies on both the high and low magnification images. In
contrast, the surface morphologies show noticeable differences in
B2 and B8−B12 samples in Figure S3 (SI) (i.e., H2O2 was kept
unchanged and HNO3 increased). The different surface
corrosion behavior between A and B series could be ascribed
to following: the nitric acid itself is a powerful oxidizing reagent;
thus, more severe etching could be provided to the surface than
the hydrochloric acid did.
Figure 4a shows the schematic view of the etching process. As

known, H2O2 exhibits an extremely strong oxidizing property in
acid solution, which means that Fe could be oxidized into Fe2O3
in the reacting solution for both A and B series. This could

promote the surface-etching process and the reacting rate
because the reaction between the Fe2O3 and acid is merely a
dissolution reaction, while the reaction between the Fe and acid
(HCl or HNO3) is an oxidation reaction. The reacting process
can be described by the following equations:

+ ⎯→⎯ +
+

2Fe 3H O Fe O 3H O2 2
H

2 3 2 (1)

+ → ++ +Fe O 6H 2Fe 3H O2 3
3

2 (2)

Overall, the addition of H2O2 could help to accelerate the
reacting process and promote the corrosion behavior, because
the oxidizing nature of hydrogen peroxide has been promoted in
acidic condition,55 which would influence the diversification of
the wetting behavior and the surface grafting efficiency, as
described in the following discussion.

Surface Grafting Analysis. EDS spectra and wetting
behaviors of A and B series at 2000×magnification are presented
in Figures S4 and S5 in the SI, respectively. The presence of
fluorine element has been confirmed on the samples in the
superhydrophobicity area (Figure 2), indicating the successful
grafting of the FAS-17 molecules. The distribution of F, O, and
Fe of A2−A7 are displayed in Figure 5. As can be seen from the
EDS mapping images, the Fe element, from the steel substrate,
exhibited a uniform distribution for all samples. It is found that
the O on all surfaces exhibited a heterogeneous distribution,
which is in coordination with the bright area shown in the FE-
SEM images. One could observe that the distribution of F and O
showed a surprising consistency and that F could barely be
detected in the regions without O element. Meanwhile,
according to EDS spectra, the amount of O on the surface was
much more than that existing in the FAS-17 molecules
(calculations will be presented in the following discussion
section), indicating that the similar distribution of F and O was
not due to the introduction of ethoxy by the silane itself.
Accordingly, it is reasonable to conclude that the surface grafting
of FAS-17 only happened on the local area where there is large
amount of O element; in another words, surface modification/
grafting could only be carried out on oxidized region. This can be
ascribed to the −OH groups that existed on the oxidized surface,
which is believed to be the prerequisite for surface grafting of
silane. In fact, for most of the superhydrophobic surfaces
fabricated on the metal substrates through various methods, the
oxidized surface always appears.56−58 Comparing the surface

Figure 4. (a) Schematic view of the reacting process. Surface hydroxyl
on the oxidation surface (b) before and (c) after the chemical etching.
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structures, the surface modification has not attracted sufficient
attention, especially the oxidized layer. The surface of oxides
possesses surface-bound hydroxy groups after being exposed to
humid air, which could work as the anchoring points, because a
covalent linkage could be formed between the hydrolyzed silane
and the surface −OH groups.42 Therefore, it is only on the
oxidized area that the FAS-17 can be grafted to the steel surface,
which in turn explains the analogous distribution of O and F.
Similar conclusions were obtained for the B series. So, using the
combination of H2O2 and HCl (or HNO3) to etch 1045 steel,
one could achieve both the micro−nano hierarchical structures
and the surface hydroxylation at the same time.

The content of F element of A and B series is shown in Figure
6. As can be seen from the lines 1 (i.e., A1−A7) and 3 (i.e., B1−
B7), the content of F element on the surfaces increased along
with the addition of H2O2 until a critical point was reached, and it
then went down to a certain value, showing a synchronous step.
Especially for A1, the F could barely be detected without the
H2O2 during the fabrication process. This is because the
etching−oxidation process was in a dynamic cycle: at the
beginning of the addition of H2O2, the area of the oxidation
surface increased, which in turn could promote the modification
and the grafting of FAS-17 molecules due to the large amount of
−OH formed on the surface, as described in Figure 4b; at the
same time, the etching rate (i.e., the dissolution of the oxidation

Figure 5. EDS mapping images of F, O, and Fe elements of A2−A7.

Figure 6. Content of F element of (a) A and (b) B series.
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layer) also accelerated and the surface corrosion was more severe
with increasing H2O2 [see FE-SEM images in Figures 3 and S3
(SI)], which means the dissolution amount of oxidation film was
increasing and more Fe3+ could be introduced into the solution.
When the amount of H2O2 reached a certain point (i.e., critical
point), the Fe3+ also reached a critical concentration, and then
the H2O2 decomposed into H2O and O2 under the catalysis of
Fe3+, as described in the following equation:

⎯ →⎯⎯ + ↑
+

2H O 2H O O2 2
Fe

2 2

3

(3)

At this moment, large amounts of air bubbles could be
observed in the reacting solution, and some of the solution
overflowed (Figure S6, SI), indicating the decomposition
reaction of H2O2. Meanwhile, the surface etching was still
occurring, and there was not enoughH2O2 left for the newly born
surface (i.e., surface formed after etching) to form a wide range of
oxides on the surface, thereby resulting in the decline of the
oxidation area and the surface grafting efficiency (i.e., the content
of F element) as described in Figure 4c. Thus, the concentration
of Fe3+ and H2O2 is very crucial for the surface grafting. To
benefit the surface grafting efficiency, the addition of H2O2
should be limited in a certain range.
When the H2O2 volume was kept constant, different surface

grafting behavior could be observed: for line 4 (i.e., B series), the
content of F first increased and then declined to a certain point,
indicating the decline of surface grafting efficiency; as for the line
2 (i.e., A series), the content of F stayed relatively stable. This is
because the HNO3 itself is a powerful oxidant and could provide
a more severe etching effect and larger oxidized area for the
metal, as discussed above, which means that more oxidized area
could be dissolved by the HNO3 than by the HCl, promising a
higher concentration of Fe3+ and subsequently more decom-
position of H2O2. On the other hand, along with the increase of
HNO3, after the etching process, there was not enough H2O2 left
to meet the need for the oxidation of metal surface, thus resulting
in the decrease of oxidation surface and the declinedmodification
efficiency of line 4. In a word, the concentration of acid in the
reacting solution is also important for the surface grafting
efficiency.
To sum up, the concentration of H2O2 and acid could directly

influence the formation of an oxidized film on the steel, which has
profound influence for the modification efficiency and the
wetting behavior.
Wetting Behavior Analysis. In order to further study the

relationship between surface morphology and wetting behavior, a
true color confocal microscope was introduced to characterize
the surface of prepared sample. The 3D view of A6 is shown in
Figure 7a, and other images of A and B series are presented in
Figures S7 and S8 in the SI, respectively. One could observe that
microscale asperities could be obtained on the surfaces within the
“superhydrophobic” area shown in Figure 2. Meanwhile,
nanoscale asperities could also be observed on these microscale
structures, as shown in Figure 7b. The nanoscale asperities are
almost the same on all samples of the A and B series. It is clearly
evident that the samples in this area comprise micro−nano
hierarchical structures on the surfaces. Besides, as shown by the
EDS spectrum (Figure 7c), an obvious F peak could be observed,
indicating the FAS-17 was successfully grafted on the surface and
that the surface was endowed with low surface energy property.
Accordingly, the micro−nano hierarchical structures, combined
with the low surface energy compositions, are consistent with
those of lotus leaves.1 On the other hand, the content of O and F

element is about 23 and 6.3 wt % according to Figure 7c, and the
corresponding content of O introduced by the FAS-17 is about
0.93 wt %, which is far smaller than the content of O on the
surface, demonstrating that the large area of O distribution
shown in EDS mapping images (Figure 5) was not due to the
surface grafting of FAS-17.
Nanoscale structures can be seen from FE-SEM images

(Figure 7b), the size of asperities or the distance of adjacent
asperities is less than 100 nm. According to the theory of
Chandler,59 for a water droplet at room temperature and
atmospheric pressure, there is a critical distance, Dc ≈ 100 nm,
which is a prerequisite for air trapping between two hydrophobic
plates. When water droplets sit on the surface, these nanoscale
asperities will create excluded volume regions where the density
of water molecules vanishes,17 thereby resulting in the sufficient
air pockets trapped in the surface. Figure 8a,b display the Rq
curves of all samples. For A series, A1 and A2 samples exhibited
low contact angle and high sliding angle; this is because the
surface roughness and the content of F on the surface are much
lower than for other samples in the A series, which could lead to
the loss of hydrophobicity. As for the samples in B series, the
transition from rose effect to lotus effect could be observed.
According to Figures 6b (i.e., content of F element) and 8b (i.e.,
surface roughness), the surface samples in the lotus effect area
contain higher surface roughness and a larger amount of F
element compared to those in the rose effect area, thereby
promising the better water repellency and lower sliding angle. On
the other hand, a noticeable difference could be obtained
between lines b and d (i.e., H2O2 was kept unchanged and acid
was increased, as shown in Figure 2): the Rq values of line d
exhibit a proportional relationship with the additional volume of
acid, while the line b fluctuates in a certain range. This also
manifested that the HNO3 could provide more severe etching
behavior for the steel surface. In order to understand the
relationship between the static contact angle and the micrometer
roughness, the Rskm (skewness of roughness file) of A series,
indicating the degree of symmetry of surface heights about the
mean plane, was revealed to be related to the static contact angle.

Figure 7. (a) True color confocal microscope images, (b) FE-SEM
images, and (c) EDS spectrum and wetting behavior of A6.
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The Rskm and contact angle values are displayed in Table S1 in
the SI. As suggested by Boscher,60 the superhydrophobicity
could be obtained when the absolute values of Rskm are close to
0. As can be seen from Figure 8c, the Rskm of samples within the
lotus effect area (Figure 2a) possess lower absolute values
comparing to those (i.e., A1 = 1.335, A2 = 1.313) outside the
area, which has afforded an impressive demonstration of
Boscher’s research.
Overall, for samples with Rskm absolute values close to 0,

higher surface roughness and higher content of F element are
generally consistent with the “superhydrophobic” area, as shown
in Figure 2.
Anti-Icing Studies. Anti-icing properties are mainly related

to the following three aspects: the removal of water/condensed
water before it freezes, the delay in the crystallization of
condensed water, and the constrained expansion of ice film. A6
was chosen to test the anti-icing properties.
The water-dripping test was carried out at −20 °C, and the

water droplets were kept at 0 °C to mimic the natural
environment. Figure 9 displays the comparative results after
the test: the untreated surface was covered with ice, while a small

frozen spot could barely be observed on the superhydrophobic
surface. This can be attributed to the different water adhesion:
when a droplet fell onto the untreated steel, it remained on the
surface due to the hydrophilic nature, followed by freezing; in
contrast, the drop rolled off easily on superhydrophobic surface,
which makes it very hard to freeze within such short time.
Samples after the water-dripping test still retained their extreme
water repellency property (Figure 9c). The wetting behavior
after dripping in overcooled conditions is displayed in Figure S9
in theSI: the static contact angle stayed unchanged and the
sliding angle slightly increased to 2°.
In order to thoroughly study the anti-icing properties of

prepared superhydrophobic surfaces, a steam-freezing test was
performed to mimic the extremely condensing weather
conditions in the natural environment. This test was mainly
designed to access the ability of as-prepared samples to delay
freezing/crystallization. During this process (i.e., from 50 °C
with 90% humidity to the −20 °C condition), the water
experienced three phases: gas, liquid, and solid. At the beginning
time, with the increase of temperature and the air humidity, the
chamber was filled with water steam (90% humidity). Then the
temperature was adjusted to −20 °C, and the steam would
condense into water and finally freeze below the solidification
temperature. Figure 10a shows the comparable results of the
steam-freezing test of the original steel and the super-
hydrophobic surface. As can be seen, a large ice film could be
observed on the original steel, whereas an ice film, or even very
small freezing spots, could hardly be found on the super-
hydrophobic surface.
The delayed freezing process could be ascribed to the lower

freezing point of water on the superhydrophobic surface, which
could be explained by Kelvin’s law and the Clapeyron
relationship.61 The surface of prepared superhydrophobic
surfaces is comprised of micro−nano hierarchical structures,
which would lead to the formation of capillaries. The formula is
shown below

γ
= ⎜ ⎟⎛

⎝
⎞
⎠P P

V
RTr

exp
2

r
m

(4)

where Pr and P are the vapor pressure and saturated vapor
pressure at a certain temperature, Vm is the molar volume of the
phase, γ is the surface energy, R is the gas constant, T is the
temperature, and r is the radius of the droplet or crystal. For an
intrinsically hydrophobic surface, the interface is convex and r is
positive. It is clear that the Pr is inversely proportional to r on a
hydrophobic surface. For condensed water on a super-
hydrophobic surface, the diameter could be very small, promising
a very large Pr value. As is known, such small droplets with high
vapor pressure are not easy to contain; thus, the amount of water

Figure 8. Rq curves of (a) A and (b) B series. (c) Static contact angle
against the skewness of the roughness profile (Rskm) of A series.

Figure 9. Comparison of the icing film on (a) original steel and (b) A6
surface. (c) Water droplets on A6 after the dripping test under
overcooled condition. The surface still exhibited lotuslike water
repellency.
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condensed on the superhydrophobic surface was not much
compared to that on the hydrophilic steel surface (Figure 10b).
On the other hand, for the solidification/freezing process, the

Clapeyron formula could be transformed as follows

=
Δ

Δ
T

T
T T

H
P

d
ds m

s m (5)

whereT is the temperature, P is the vapor pressure, andΔsVm and
ΔsHm are the volume difference and enthalpy change during the
solidification process, respectively. After integration of eqs 4 and
5, we get the following formula:
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During the freezing process,ΔsVm > 0 andΔsHm < 0; therefore,T
is inversely proportional to P. In another words, for condensed
water on a superhydrophobic surface, the smaller the r is, the
lower the freezing temperature would be. The schematic view of
condensed water on a superhydrophobic surface is presented in
Figure 10c. Compared with the bare substrate, condensed water

on the superhydrophobic surface tends to be supercooled, and
the freezing temperature of water decreased largely (below −20
°C). Therefore, when put into a cold environment along with the
bare substrate, the very small droplets on the superhydrophobic
surface could not freeze, thus retarding the icing.
In some area, the condensed water might have larger r due to

the heterogeneous surface morphologies or insufficient low
energy surface modification, which would lead to the higher
freezing point for water (i.e., above −20 °C) according to above
discussion and thereby lead to the appearance of small icing
spots. In this case, the droplets would be isolated from each other
due to the high static contact angle caused by the hydrophobic
nature of the surface, which could constrain the formation of a
broad water film and thus constrain the icing area after the
solidification. So, for the larger condensed droplets, which have
freezing temperature higher than −20 °C and are spherical in
shape, this could help constrain the expansion of the icing film. If
the droplets are large enough, they would roll off the surface due
to gravity before freezing.

Mechanical Durability. One of the greatest problems
hindering the large-scale use of superhydrophobic surfaces is
their poor mechanical stability. Even a slight scratch or abrasive
force could destroy the surface structure and thereby disable the
superhydrophobicity. In an effort to assess the mechanical
durability of prepared superhydrophobic surfaces, A6 sample was
tested through tape-peeling, coarse-sandpaper-abrading, and
water-impacting tests.
The tape-peeling test shows that the surface could resist tape

peeling at least 70 times by Scotch-600 adhesive tape (for details,
see Video S1, SI) without losing its superhydrophobicity. Figure
11 presents the contact angle and sliding angle as a function of

the number times the tape was peeled for the prepared
superhydrophobic surface. As can be seen, after peeling with
tape 70 times, the water repellency exhibited a slight decline, but
it was still within the lotus effect category. We have provided
harsher test conditions for the peeling test regarding the loading
pressure as compared to other reported superhydrophobic
surfaces.62−65 The pressure we used to press the tape to the
sample was 31.2 kPa (1 kg loading), which is much larger than
the “finger press” described in the standard ASTM D 3359-09ε2

or 10 kPa applied on the superhydrophobic surface made from
porous silica capsules.62 Meanwhile, the tape we have chosen

Figure 10. (a) Comparison of frost films on A6 after the steam-freezing
(from 50 °C with 90% humidity to the −20 °C condition) test.
Schematic view of the condensed small droplets on (b) original steel and
(c) A6 surface.

Figure 11.Contact angle and sliding angle as a function of peeling times
for A6.
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could provide more adhesive force as compared to the Scotch
810 tape used on the copper.63 Besides, we repeated the peelings
up to 70 times, which is much more than other reported work,65

not to mention conducting the tape peeling under such high
pressure. In a word, according to the tape-peeling test, the
prepared steel surface showed excellent mechanical durability.
A schematic view of the abrasion test is shown in Figure 12a. A

500 g loading was applied to the prepared sample, and 400 grid

SiC sandpaper was used as the abrading surface. The surface was
dragged in one direction for 110 cm under 16 kPa pressure (for
details, see Video S2, SI). After the abrasion, the water repellency
showed almost no change and the water drops maintained a
spherical shape, as shown in Figure S10 in the SI. The wetting
behaviors after abrasion are shown in Figure 12d: the static
contact angle decreased from 160° to 152°, and the sliding angle
increased to 8°. On the basis of the above experimental results,
the as-prepared surface could still retain its superhydrophobicity
after the abrasion. In fact, the results displayed above show better
mechanical durability than other reported superhydrophobic
surfaces formed onmetal/Si surface in recent years:37,55,66−70 the
superhydrophobicity on the Si surface disappeared after 25 cm of
abrasion on a wipe under 3.45 kPa pressure;37 the super-

hydrophobic surface formed on copper could not endure
abrasion for 1.0 m at an applied pressure of 6.0 kPa on 800
grid sandpaper66 or was damaged after being scratched for 40 cm
at 0.69 kPa on 5000 grid sandpaper;70 the contact angle
decreased largely (170° vs 153°) after abrasion under 5 kPa by
cotton fabric (40s × 40s) for only 25 cm;55 a similar surface
formed on aluminum alloys could not withstand 90 cm of
abrasion at 10 kPa pressure on 2000 grid sandpaper67 or 15 cm of
abrasion at 0.98 kPa pressure on 500 grid sandpaper;68 the sliding
angle largely increased (1.2° ± 0.9° vs 52.7° ± 1.4°) on
magnesium alloy after 70 cm of abrasion on 800 grid sandpaper
under the pressure of 1.2 kPa.69 Briefly, compared to previous
literature results, the as-prepared superhydrophobic surface
showed excellent stability against abrasion.
Figure 12b displays the surface morphology obtained on the

true color confocal microscope system after abrasion for 110 cm
at 16 kPa on 400 grid sandpaper. Compared with the surface
before abrasion in Figure 7a, the microstructures were partially
damaged by the coarse sandpaper, and the surface root-mean-
square roughness decreased from 1.323 to 0.256 μm; the height
of the remaining microstructure decreased greatly comparing to
that before abrasion. This ruined surface structure may
contribute to the slight decline of the superhydrophobicity.
Nevertheless, the surface still exhibited an extremely hydro-
phobic property. This can be rationalized in this way: after
abrasion, microscale structures still existed on the damaged
surface, which exhibited smaller size compared with ones before
abrasion (Figure 7a); on the other hand, the FE-SEM image after
the abrasion test shown in Figure 12c suggests the existence of
nanoscale structures. This new hierarchical structure, though not
as large as it was before abrasion, is the reason that the surface still
exhibited superhydrophobicity.
The water-impacting test was conducted under the reported

procedure.54 The contact angle and sliding angle as a function of
water-impacting time for the prepared superhydrophobic surface
are presented in Figure 13a. As can be seen, the surface still
showed a static contact angle above 153° and a sliding angle
below 7° after 3 h (∼10 800 droplets) of impacting, which further
proved the outstanding mechanical stability of as-prepared
superhydrophobic surface.

UV-Durability and Anticorrosion. In order to assess the
UV-durability of the as-prepared superhydrophobic surface, the
samples were exposed to UV light for 50 h at 50 °C, and the
wetting behaviors were measured every 1 h. The static contact
angle and sliding angle as a function of UV-irradiation time are
presented in Figure 13b. As shown, after irradiation for 50 h, the

Figure 12. (a) Illustration of the abrasion test for A6 surface at 500 g
loading on sandpaper (400 grid SiC). (b) 3D view of microscale
structures, (c) nanoscale asperities, and (d) wetting behavior of A6 after
the abrasion test.

Figure 13. Contact angle and sliding angle as a function of (a) water-impacting time and (b) UV-irradiation time for A6.
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surface still exhibited a contact angle of 151° and a sliding angle
of 9°, suggesting a superior UV-durability. This can be ascribed to
the long chain of FAS-17 on the surface, which can provide a
large number of C−F bonds (i.e.,−(CF2)7−CF3 chain). This C−
F bond, with a bond energy of 485 kJ/mol, cannot be broken by
the UV light71 (314−419 kJ/mol) as compared to the long
alkane chain of HDTMS.72 Therefore, to obtain the UV-durable
superhydrophobic surface, modifying the surface with long chain
of C−F is necessary.
In order to thoroughly study the stability of as-prepared

superhydrophobic surfaces, we further investigated the corrosion
resistance through the electrochemical corrosion test. Potentio-
dynamic polarization curves of the bare substrate, surface without
modification and the superhydrophobic surface (A6 sample)
were measured in 3.5 wt % NaCl aqueous solution, as shown in
Figure 14a. The surface without modification and the super-
hydrophobic surface shared the same surface morphology.
Parameters such as corrosion current (Icorr) and corrosion
potentials (Ecorr) can be derived from Figure 14a using the Tafel
extrapolation. It can be easily found that the corrosion resistance
ability was dramatically improved on the superhydrophobic
surface due to the higher Ecorr (−347.5 mV) and lower Icorr (1.807
μA/cm−2) as compared to those of bare substrate (Ecorr = −625
mV, Icorr = 2.644 μA/cm−2), suggesting a good corrosion
protection for the steel substrate. The presented anticorrosion
property could be ascribed to the air pockets trapped in the
surface micro−nano hierarchical structures.73 The mechanism of
the anticorrosion is shown in Figure 14b. When super-
hydrophobic surfaces are immersed in 3.5 wt % NaCl solution,
due to the surface tension of water and the intrinsic
hydrophobicity of the substrate, it is hard to penetrate into the
micro−nano hierarchical structures, and the corrosive solution is
isolated from most of the surface, thus achieving an “air
protection shield” and better anticorrosion ability.
On the other hand, since the superhydrophobic surfaces have

been oxidized, whether the good anticorrosion behavior
observed is due to the barrier effect provided by the oxide
layer or the superhydrophobic behavior is not clear. In order to
address this concern, the corrosion behavior of the oxidized
surface (i.e., surface containing hierarchical structures) without
modification by FAS-17 was also evaluated by Tafel plot, as
shown in Figure 14a. The contact angle of unmodified surface is
about 1°. The schematic view of water on this kind of surface is
shown in Figure 14c. The corrosive liquid could easily penetrate
into the surface microstructures, because the surface is

intrinsically superhydrophilic and full of −OH groups.
Comparing with bare substrate, lower Ecorr (i.e., −640 mV)
and higher Icorr (i.e., 6.581 μA/cm−2) could be found on the
surface without modification. Clearly, this surface exhibited
worse corrosion resistance than the bare substrate did, which
means that the anticorrosion behavior shown by the FAS-17-
modified surface is not due to the oxide layer. Therefore, the
anticorrosion property of the superhydrophobic surface is merely
due to the air protection shield and not the oxide layer barrier, as
mentioned in reported work.74,75 It is not clear whether the oxide
layer could provide a barrier in corrosive liquid when applied to
different metal substrates.

■ CONCLUSIONS
Superhydrophobic surfaces were prepared by a chemical etching
process: using the combination of hydrogen peroxide and a
strong acid (i.e., hydrochloric acid or nitric acid) to obtain
micro−nano hierarchical structures and subsequent treatment
with FAS-17. Empirical grid maps were drawn with respect to
different volumes of acid and H2O2, showing the wettability
gradient: from hydrophobic to rose effect and finally to the lotus
effect. It has been manifested that the surface modification could
only be achieved at the oxidized region for the steel surface and
that only in a specific concentration range of hydrogen peroxide
could the high modification efficiency be obtained. The surfaces
have demonstrated excellent anti-icing properties: for water
dripping in overcooled conditions, the removal of water inhibited
the freezing process; for the steam-freezing conditions, the low
freezing point caused by the small, spherical droplets delayed the
icing process. In addition, the prepared superhydrophobic
surface possessed a superior resistance toward tape peeling 70
times with 3M adhesive tape under 31.2 kPa, 1.10 m of abrasion
by 400 grid sandpaper at 16 kPa, and 3 h (∼10 800 droplets) of
water impacting. Furthermore, the as-prepared superhydropho-
bic surface exhibited outstanding anticorrosion properties in 3.5
wt % NaCl solution and good UV-durability against 50 h of UV-
irradiation. This robust, durable, and anti-icing superhydropho-
bic surface may realize true industrial applications.

■ ASSOCIATED CONTENT
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Additional figures, a table, and pretreatment methods, as noted in
the text, and Video S1, showing the tape-peeling test, and Video
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Figure 14. (a) Tafel plots of different treated samples and wetting behavior of unmodified A6 surface. Schematic views of corrosive liquid on (b)
modified and (c) unmodified A6 surfaces.
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