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Metal corrosion causes tremendous financial loss and disasters every year. Inspired by “lotus effect,” a
superhydrophobic stainless steel surface with anti-corrosion property was realized in this study. The
bioinspired micro—nano structures were fabricated by utilizing two chemical etching procedures. The
water contact angle (CA) of the prepared surface reached 173°. The correlative mechanism between
CA and surface morphology was elucidated by adjusting the key reaction conditions. Electrochemical
corrosion test showed that the bioinspired superhydrophobic stainless steel possessed a polarization
resistance that is 28.9 times higher than that of common stainless-steel surface.
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1. INTRODUCTION

In recent years, bioinspired surfaces with superhydrophobicity have been intensively
investigated and improved by discoveries of superwetting phenomena in nature, such as rose petals,
lotus leaf, and gecko’s feet. The superhydrophobic surfaces on these organisms refer to the surfaces
with a static CA exceeding 150° [1,2]. Rose petals exhibit superhydrophobicity with high adhesion,
which is related to periodic arrays of micropapillae covered by nanofolds [3,4]. The low adhesive,
superhydrophobic, and self-cleaning properties of lotus leaf are due to its randomly distributed
micropapillae covered by branch-like nanostructures [5]. Gecko’s feet with superhydrophobic,
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reversible adhesive, and self-cleaning functions are contributed by the aligned microsetae splitting into
hundreds of nanospatulae [6].

At present, superhydrophobic surfaces have attracted considerable interest because of their
satisfactory application in microfluidic devices [7], medical science [8], oil purification [9], oil/water
separation [10,11], self-cleaning [12], anti-corrosion [13,14], and drag reduction [15]. Low surface free
energy and appropriate surface feature are two important factors to fabricate surperhydrophobic
surface [16].

Stainless steel is widely used in numerous fields, such as machinery manufacturing, ships, and
aerospace owing to its excellent mechanical performance. However, stainless still will suffer corrosion
when exposed to aggressive media. Therefore, how to enhance the anti-corrosion of metal materials
has become a major research topic. The use of organic and polymeric protective coatings is an
effective method for separating metallic surfaces from corrosive environments [17,18]. One of the
most commonly used methods is the addition of alloying elements, which can atomically bind with
metals. The behavior of the interfaces with the surrounding media or the surface properties can be
improved without compromising the metal thermal or electromechanical properties. Among the
elements, Cr is an effective element that has been added using a pre-treatment technology on stainless
steel to achieve corrosion protection [19,20]. Despite the advantages of good performance and low
cost, this traditional technology has been restricted because of the toxicity and carcinogenic nature of
Cr [21]. Graphene oxide and graphene, which are either deposited or directly grown onto pre-formed
surfaces, could prevent electrochemical corrosion [18,22]. Deyab studied the anti-corrosion effect of
carbon nanotubes on carbon steel [23].

Compared with other technologies, chemical etching can be considered because of its economic
advantage. Therefore, this work demonstrates chemical etching method to fabricate superhydrophobic
surface inspired by “lotus effect.” The functional superhydrophobic surface is fabricated on stainless
steel via a two-step etching method; the first step involves the fabrication of micron pore structures,
whereas the second step is patterning nano pits on these micro pore structures. The micro—-nano
structures are similar to the surface of lotus leaf, in which micropapillae were covered by branch-like
nanostructures. The electrochemical corrosion characterization shows that the bioinspired
superhydrophobic stainless steel surface possesses markedly higher polarization resistance (Rp) than
common stainless-steel surface.

2. EXPERIMENTAL SECTION

2.1 Materials

The SUS304 stainless steel (chemical composition: 0.08 wt.% of C, 2.00 wt.% of Mn, 0.045
wt.% of P, 0.03 wt.% of S, 1.00 wt.% of Si, 18.0-20.0 wt.% of Cr, 8.0-10.5 wt.% of Ni, and the
remaining element Fe) were obtained from commercial sources (Amanda, Shenzhen, China). Sodium
chloride (Sinopharm Chemical Reagent Co., Ltd., China), hydrochloric acid (36.5%, Tianjin Damao,
China), ethanol, phosphoric acid, hydrogen peroxide, acetic acid (AR, Tianjin Kemiou Chemical
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Reagent Co., Ltd., China), Ferric chloride (AR, Tianjin Damao, China), chloroform, and acetone (AR,
Beijing Chemical works, China) were purchased from commercial sources at the highest available
purity and used without further purification. The deionized (DI) water used in the experiment was
prepared by Dura 24FV (The-lab Co., Ltd., USA). 1H,1H,2H,2H-Perfluorodecyltriethoxysilane
(PFDTES) were purchased from J & K Chemical Technology.

2.2 Preparation of Solution

Ferric chloride solution: FeCls etching solution was prepared by dispersing 8.0 g FeCls into 30
mL DI water. Then, 2 mL HCI (1 M), 2 mL H3PO,4 (85 wt%), and 2 mL H,0, (30 wt%) were poured
into the above mentioned solution. The etching solution was stirred for 30 min with a glass rod.

PFDTES-ethanol solution: PFDTES-ethanol solution was obtained by adding PFDTES (0.3 g)
in the ethanol solution (30 ml). Then trace glacial acetic acid was taken using the pipetting to adjust the
pH of the solution about 4, which can inhibit Si-OH dehydration to produce Si-O-Si. The prepared
solution was placed on a magnetic stirrer for 5 h to form a uniform and transparent liquid.

2.3 Fabrication of Superhydrophobic Stainless Steel Surface

Stainless steel with a thickness of 0.2 mm was cut into 2*2 cm? slices and washed in an
ultrasonic bath with chloroform, acetone, ethanol, DI water for approximately 5 min, respectively.
Then, they were dried under nitrogen gas flow. The samples were immersed into ferric chloride
solution for about 4 min to fabricate micron pore structures. Then they were washed by DI water. To
form nano pits, the samples were transferred into prepared HCI acid solution (1 M) for a certain period
of time (15-20 min). Finally, superhydrophobic stainless steel surface was obtained after immersing
the sheet into PFDTES-ethanol solutions for 30 min and curing in an oven at 80 ‘C for 15 min. We
explored influences of FeCl; concentration, HCI concentration and etching time of HCI on
hydrophobicity of the stainless steel surface (see supporting information from Figure S1 to Figure S3).

2.4 Characterization

Superhydrophobic properties were measured with a 5 uL. DI water droplet by CA measurement
(OCAH200, Dataphysics Instruments) with a CCD camera. The average CA value for the same sample
was obtained by measuring more than three different positions. The morphologies were observed by
scanning electron microscope (SEM) instrument (Nova NanoSEM 450, FEI). X-ray diffraction (XRD)
was characterized by XRD-7000S (Shimadzu Corporation, Japan). UV-Vis diffuse reflectance
spectroscopy (DRS) was characterized by the image of ultraviolet-visible spectrophotometer (Lambda
950). R, ability was measured using an electrochemical workstation in a three electrode cell (CS310,
CorrTest). A saturated calomel electrode and platinum wire was employed as the reference electrode
and counter electrode, respectively. The potentiodynamic polarization curves for the stainless steel
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with different CA in 3.5 wt% NaCl solution. The polarization curves were obtained with test
sensitivity of 10”5 and a scan rate of 1 mV/s.

3. RESULTS AND DISCUSSION

The generation of superhydrophobic stainless steel surface is schematically shown in Fig. 1.
Significant surface wetting changes occurred after two-step chemical etching and surface energy
modification. First, the microstructure surface of stainless steel was fabricated by using FeCls etching
solution. Subsequently, another etching procedure was applied to develop nanostructure on the
microstructure surface. The superhydrophobic surface was obtained after the surface was modified
with low-surface-energy molecules of PFDTES.

Plane surface

Microstructure surface Micro-nano structure surface

. Water droplet S2iE%EE  PFDTES . Stainless Steel

Figure 1. Scheme of the fabrication of bioinspired superhydrophobic surface on stainless steel
substrate: the first step is to fabricate microstructure on the stainless steel surface; the second
step is to pattern nanostructures on microstructure surface.

Fig. 2 shows CA test and SEM images collected during the fabrication of the bioinspired
surface. All the samples possess assembled PFDTES. The CA of water droplets on the common
stainless-steel surface was 114° shown in Fig. 2a. The surface was relatively smooth. Only some
polishing scratches emerged on the surface (Fig. 2d). After the first-step etching by FeCls, the surface
topographies of the samples differed from those of untreated samples, and the CA of water droplets on
the stainless-steel surface increased to 146° as shown in Fig. 2b. The corresponding top-view SEM
image is presented in Fig. 2e. A large quantity of uniformly micron pore structures (2-5 um) on the
surface of stainless steel was observed. The micron pore structures were relatively shallow, completely
covering the stainless steel and thus increasing hydrophobicity via providing less contact area between
stainless steel and drops, which is favorable for the formation of superhydrophobic surfaces. The
microstructure increased the surface roughness and decreased surface wetting, causing CA to approach
150°. Inspired by the added lotus effect, a stainless-steel substrate with micro—nano structures was
fabricated by further chemical etching step in Fig. 2f. Nano pits of approximately 200 nm were formed
on the micro structure. This micro—nano composite structure changed morphology of stainless steel
surface and increased surface roughness, thus making the stainless-steel surface superhydrophobic.
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Experiments showed that surface chemical modification and surface morphology are two key
factors in the manufacture of superhydrophobic surfaces [24]. The basic mechanism of
superhydrophobicity is that rough surfaces could trap air in the surface of the cave to form a gas film to
prevent water from directly contacting the solid matrix [25]. After PFDTES treatments, our stainless-
steel surfaces exhibited superhydrophobic properties. The enhanced superhydrophobic performance is
attributed to hierarchical roughness forming with fine nano pits standing on micron pore structure,
which was similar to the lotus leaf surface [26]. A water droplet that falls on a lotus leaf can easily roll
off and take away the adherent dirt particles. The complementary role of micropapillae and
hydrophobic wax on the lotus leaf keeps the droplet at a CA of about 160°. This phenomenon is called
“lotus effect” [27]. We mimicked the micro—nano structures of the lotus leaf surface by introducing
two chemical etching steps and applied the copied superhydrophobicity surface to increase the anti-
corrosion of stainless steel. As shown in Fig. 2c, the CA of our superhydrophobic stainless steel was
up to 173°, which was slightly higher than the reported values [28,29].

(a) 114° (b) 146° (¢) 1732

Figure 2. CA test after PFDTES assembling: (a) common stainless steel substrate (b) FeCls-treated
stainless steel surface with micro pore structures (2~5 um) (c) FeCl; and HCl-treated stainless
steel surface with micro-nano structures; (d), (e) and (f) is corresponding SEM images of (a),
(b) and (c); (), (h) and (i) are magnification images of (d), (e) and (f).

To determine the effect of the etching reaction on the surface crystal structure, we characterized
the samples using X-ray diffraction, as shown in Fig. 3a. Evidently, the (111), (200), and (220) peaks
corresponded to the crystal diffraction peaks of Fe, indicating that etching did not change the crystal
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structure of Fe. Therefore, the crystal structure is not the cause of surface hydrophobicity. However,
the intensity of the signal peak (111) changed with increased etching depth, indicating that the etching
procedure by FeClz and HCI was carried out through the (111) crystal face.

The stainless steel surface changed after etching and modification by using FeCl;, HCI and
PFDTES. For understanding the different absorption regions of stainless steel, the as-prepared samples
were characterized by DRS in Fig. 3b. The superhydrophobic stainless steel exhibited the lowest
reflectivity of all samples in the 350-950 nm wavelength range, demonstrating the strongest
antireflection properties. The surface produced uniform distribution of the pore diameters within 2-5
um after etching by FeCls, decreasing the reflectivity of the surface, and the decrease range was about
15%. After the second etching step using HCI, numerous pits with a diameter of 200 nm were
distributed on the surface with micro pore structures, increasing the complexity of the surface structure
and resulting in a lower surface reflectance and a decrease of about 20%. According to the equivalent
medium theory, the micro—nano hierarchical structures are equivalent to a dielectric layer in which
reflection coefficient changes in gradient. Therefore, the surface showed superior antireflection
performance.
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Figure 3. (a) XRD of different substrates: A is common stainless steel substrate; B is stainless steel
substrate with micro pore structures; C is stainless steel substrate with micro-nano structures; D
is C substrate with PFDTES assembling to fabricate superhydrophobic steel surbstrate. (b) DRS
measurement with PFDTES assembling: A is common stainless steel; B is stainless steel
substrate with micro pore structures; C is stainless steel substrate with micro-nano structures.

The photograph in Fig. 4a shows that the water droplets appear like balls on the
superhydrophobic stainless steel surface. Repeatability test results confirmed good repeatability in
preparing superhydrophobic stainless steel surface. CA test after six repeated times yielded 167° at
minimum, as shown in Fig. 4b. The stability of the superhydrophobic stainless steel surface is an
important evaluation standard of superhydrophobic performance. The prepared superhydrophobic
stainless steel sheet was exposed to air for two months; the superhydrophobic performance was
virtually unchanged, indicating high stability.
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The superhydrophobic properties of stainless steel are related to surface energy. Fig. 2 shows
that the superhydrophobic stainless steel surfaces present higher CA than the common stainless-steel
surfaces, indicating that the superhydrophobic stainless steel possesses lower surface energies and a
stable surface. This finding is in good agreement with electrochemical corrosion test. Fig. 4c displays
the polarization curve with different CAs, which were measured in 3.5 wt.% NaCl solution. The
corresponding corrosion parameters are summarized in Table 1. The Il and Ecor Can be calculated
from Tafel extrapolation. R, values were calculated using the equation [30,31]:

= e ®
2.303x 1, (B, + B.)
where S, and . represent the Tafel slopes (AE/Alog j) of the anode and cathode, respectively.

In the potentiodynamic polarization curve, higher Ecor and lower Icor demonstrate good R, [32].
The corrosion potential increased from —725 mV for the common stainless-steel surface to —425 mV
for a superhydrophobic stainless steel surface. The higher corrosion potential indicates higher R,
because corrosion reactions could only occur when the potential exceeds the corrosion potential [33].
The cathode reaction in the polarization curves corresponds to the hydrogen evolution reaction, and the
anodic polarization curve shows the important features related to the corrosion rate of stainless steel
[34]. The Tafel slope (B.) of superhydrophobic stainless steel was not related to the corrosion of
stainless steel because hydrogen evolution reaction occurred on the steel. However, the Tafel slope (5,)
of superhydrophobic stainless steel was higher than that of common stainless steel. This finding means
that the superhydrophobic stainless steel shows higher overpotential at the same corrosion current and
corrosion potential compared with common stainless steel. Therefore, superhydrophobic stainless steel
is harder to be corroded compared with common stainless steel. The corrosion rate is linearly
proportional to corrosion current density [35]. The I Of superhydrophobic stainless steel surface is
3.98x10~7 Alcm?, which is the lowest among all the samples, exhibiting a decrease by two orders of
magnitude compared with that of common stainless steel (1.77x107° A/cm?). Table 1 shows the
markedly higher R, of superhydrophobic surface compared with that of common stainless steel by a
factor of 28.9 according to electrochemical corrosion test. The fabricated superhydrophobic stainless
steel exhibits 7.5 times higher R, than the reported superhydrophobic Ni surface [36].

Table 1. CA, Ecorr, lcor, and R, of different samples.

CA (0) Ecorr ICOI’I’ Rp ﬂa ﬂc
(mV) (mA/cm?)  (kQecm?) (V/dec) (V/dec)
114 -725 1.77x10° 0.42 0.036 0.033
146 -605 2.51x10° 5.08 0.055 0.063

173 -425 3.98x107 12.12 0.075 0.017
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Figure 4. (a) photograph of water droplet on superhydrophobic stainless steel. (b) The
superhydrophobic repeatability test of this two steps etching method. (c) Potentiodynamic
polarization curves for the stainless steels with different CAs in 3.5 wt.% NaCl solution (Test
sensitivity is set to 10 with a scan rate of 1 mV/s).

4. CONCLUSIONS

In this paper, we developed a superhydrophobic surface on stainless steel for anti-corrosion by
using a bioinspired method. Two chemical etching steps have been applied to fabricate the bioinspired
micro—nano structures. The CA of the prepared superhydrophobic surface reaches a high value of
173°. The repeatability test demonstrated the stability of this method for fabricating superhydrophobic
stainless steel. The prepared superhydrophobic stainless steel surface exhibited high hydrophobicity
stability and Ry. Particularly, the bioinspired superhydrophobic stainless steel surface possesses a R,
than is 28.9 times higher than that of common stainless-steel surface.
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SUPPORTING INFORMATION:
The reaction rate of etching stainless steel was affected by experimental conditions directly in the

process of preparing superhydrophobic surface. The effects of etching time and concentration on the
CA were studied in detail.
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Fig. S1 CA test of stainless steel surface etching with different concentration of FeCl;. The other
condition: All the samples are etched for 4 min in FeCl; etching solution and 20 min in HCI acid
solution (1 M). Then, the samples are modified with low-surface-energy molecules of PDFTES.
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Fig. S2 CA test of stainless steel surface etching with different time in FeCls solution. The other
condition: The concentration of FeCl; etching solution is 0.22 g/mL. Then, all the samples are etched
for 20 min in HCI acid solution (1 M) and modified with low-surface-energy molecules of PDFTES.
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Fig. S3 CA test of stainless steel surface etching with different time in HCI acid solution. The other
condition: All the samples are etched for 4 min in FeCl; etching solution (0.22 g/mL). The
concentration of HCI acid solution is 1 M. Then, the samples are modified with low-surface-energy

molecules of PDFTES.
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