
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
25

 4
:0

4:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Water-repellent
aCollege of Material Science and Chem

University, Harbin 150001, People's Republ
bCollege of Shipbuilding Engineering, Harbi

Heilongjiang, P. R. China. E-mail: Chenhail
cKey Laboratory of Superlight Material and S

Harbin Engineering University, Harbin 1500
dInstitute of Advanced Marine Materials,

150001, People's Republic of China

Cite this: RSC Adv., 2017, 7, 44239

Received 29th April 2017
Accepted 14th August 2017

DOI: 10.1039/c7ra04816e

rsc.li/rsc-advances

This journal is © The Royal Society of C
and corrosion-resistance
properties of superhydrophobic and lubricant-
infused super slippery surfaces

Fan Song,ad Cuiqing Wu,ad Hailong Chen, *b Qi Liu, ac Jingyuan Liu, ac

Rongrong Chen,cd Rumin Liad and Jun Wang ad

Inspired by lotus leaves and pitcher plants, superhydrophobic surfaces and super slippery surfaces have

been fabricated to improve the characteristics of AZ31 magnesium alloy surfaces. Here,

a superhydrophobic surface with a hierarchical structure was constructed on a magnesium alloy surface

via a one-step, environmentally friendly method, and a slippery liquid-infused porous surface (SLIPS) was

obtained by immersing the superhydrophobic surface in perfluoropolyether. Compared with an

untreated magnesium alloy and the prepared superhydrophobic coating, the SLIPS coating showed good

corrosion resistance in 3.5 wt% NaCl solution according to electrochemical tests. The present study

provides more possibilities to extend the application of special wettable surfaces.
1. Introduction

Magnesium (Mg) and its alloys are light materials and have
been applied widely in automobile elds, biological materials,
aerospace, aircra, and household equipment.1–4 Mg also
possesses several advantageous properties: high thermal
conductivity, high dimensional stability, good electromagnetic
screening, easy fabrication, and recyclability.5

However, Mg alloys have some properties that hinder their
extensive application: high chemical activity, easy oxidization,
poor abrasion performance and poor corrosion resistance.6 It is
crucial to confer Mg alloys with high corrosion resistance, and
two main approaches have been applied to enhance the corro-
sion resistance of Mg alloys: using high purity alloys that retain
heavy metal impurities below a threshold value; post-processing
and surface modication processing.7–9 Surface modication of
Mg alloys can be done using chemical conversion lms,10 micro-
arc oxidation,11 polymer lms,12 layer-by-layer self-assembly,13

and layered double hydroxide (LDH) coating.14

Inspired by the unique properties of living beings,
researchers have tried to simulate natural materials, especially
special wetting interface materials that are superhydrophobic,
superhydrophilic, superaerophobic or superaerophilic.15 Due to
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its liquid-repellent properties, superhydrophobic surfaces have
prominent corrosion resistance as well as anti-fouling, anti-
icing, friction-reduction, and oil/water-separation proper-
ties.16–20 Like the lotus leaf, the superhydrophobic surface has
special wettability as the static contact angle for water is
>150�.21–23 Studies have shown that water droplets on a solid
surface can be classied into two states: Wenzel and Cassie–
Baxter.24,25 Because of the roughness of the superhydrophobic
surface, the Cassie–Baxter state is a better t for the super-
hydrophobic surface.

The “air cushion” principle can protect a metal alloy from
corrosion in a corrosive medium. Wang et al.26 proposed a novel
one-step potentiostatic electrolysis method to fabricate super-
hydrophobic lms on a copper surface. The superhydrophobic
lm presented excellent inhibition to copper corrosion and
stability in water containing Cl�. Mo et al.27 fabricated a TiO2/
uoromethylhydro-silicone oil composite coating which
possessed excellent anti-corrosion performance and exhibited
superhydrophobicity. Xiao et al.28 fabricated a super-
hydrophobic surface via two steps. First, the copper surface was
anodized in KOH solution to generate Cu(OH)2 nanoneedle
arrays. Second, the surface was graed with FAS to achieve
superhydrophobicity. The superhydrophobicity was found to be
stable at pH 1–13 but decreased substantially in 3.5 wt% NaCl
solution due to the loss of the hierarchical microstructures in
nanoneedle arrays. Although the superhydrophobic surface
possesses a corrosion-resistant function, it cannot retain this
function under a liquid environment for a long time.

Based on the above-reported faults, increasing numbers of
researchers have proposed new types of repellent surfaces:
slippery liquid-infused porous surfaces (SLIPS).29,30 Aizenberg
and colleagues were the rst to study SLIPS, which were
RSC Adv., 2017, 7, 44239–44246 | 44239

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra04816e&domain=pdf&date_stamp=2017-09-12
http://orcid.org/0000-0003-2178-9699
http://orcid.org/0000-0002-2195-8707
http://orcid.org/0000-0001-5624-1258
http://orcid.org/0000-0002-7437-8503
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04816e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007070


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
25

 4
:0

4:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
inspired by a pitcher plant.31 The entrapped lubricant is
immiscible to the water phase and other liquids, so it is not
destroyed and the lubricant is stored for a long time.32 In this
way, the SLIPS can overcome corrosion resistance under a poor
environment for a long time.33 However, most reports had
ignored the oil retention of SLIPS and whether the structure of
the surface can inuence the properties of the super slippery
surface. The differences in the results between super-
hydrophobic surfaces and SLIPS have rarely been studied.

In the present study, we fabricated a superhydrophobic
surface on an AZ31 Mg alloy via a single one-step hydrothermal
method.34 Then, SLIPS were created by infusing per-
uoropolyether (PFPE) onto the superhydrophobic surfaces.
A bare Mg alloy was also infused with PFPE to compare it with
the SLIPS in terms of corrosion resistance. In addition, the
corrosion behaviour of the superhydrophobic surface and SLIPS
were studied aer different immersion times. The proposed
superhydrophobic surfaces may have a considerable effect on
the corrosion resistance of metals.
2. Experimental section
2.1 Materials and reagents

AZ31 Mg alloy was used as the substrate. Its chemical compo-
sition was Mg (2.98 wt%), Al (0.88 wt%), Zn (0.38 wt%),
Mn (0.0135 wt%), Si (0.0027 wt%), Fe (0.002 wt%) and Ni
(0.001 wt%). The Mg alloy was cut into strips of size 30 mm �
30 mm � 2 mm. Stearic acid, manganese sulfate, PFPE and
absolute ethanol were the primary reagents. All reagents were of
analytical grade and used without further purication.
2.2 Pre-treatment of Mg alloy

The AZ31 Mg alloy substrates were ground with silicon carbide
papers (600#, 1000#, 2000#) to remove the oxide/hydroxide layer
from their surfaces. Then, they were ultrasonically cleaned in
acetone and absolute ethanol for 10 min to remove impurities,
respectively. Finally, they were washed with deionized water and
dried by a hair drier.
Scheme 1 Preparation of the superhydrophobic film and super slip-
pery surface on the AZ31 magnesium alloy (schematic).
2.3 Fabrication of superhydrophobic and slippery coatings

Equal volumes of 0.01 mol L�1 MnSO4 aqueous solution and
a 0.01 mol L�1 ethanolic solution of stearic acid were mixed and
stirred for 5 min. Then, the solution and a dried Mg alloy plate
were placed in Teon-lined autoclaves. The reaction kettle was
heated to 140 �C and maintained at that temperature for 7 h.
The autoclave was cooled naturally to room temperature and
the specimen rinsed with deionized water and dried at 60 �C for
6 h. In this way, a superhydrophobic coating was obtained. The
as-prepared superhydrophobic Mg alloy was immersed in PFPE
for 4 h and placed horizontally for 6 h at room temperature to
remove excess oil. Finally, the SLIPS was built on AZ31. To
compare with the SLIPS, the bare AZ31 Mg alloy was immersed
in PFPE for 4 h and placed horizontally for 6 h at room
temperature as the comparison sample.
44240 | RSC Adv., 2017, 7, 44239–44246
2.4 Characterization

The static contact angles of the prepared coatings were
measured by a FTA200 drop shape analysis system at room
temperature to describe wettability. Morphological analysis was
carried out using a scanning electron microscope (FEI Quanta
200FEG) equipped with an energy-dispersive spectrometer. The
surface compositions were characterized by Fourier transform
infrared (FTIR) spectroscopy using a spectrophotometer (100
series, PerkinElmer). The corrosion resistance of the Mg alloys
with superhydrophobic surfaces and super slippery surfaces
and bare sample were tested at room temperature using
a conventional electrochemical workstation (Zennium; IM6)
equipped with a three-electrode system: an Ag/AgCl reference
electrode consisting of a saturated KCl solution, a platinum
mesh as the counter electrode and the sample as the working
electrode. The performance of the working electrode (1 cm2)
was determined in 3.5 wt% NaCl aqueous solution. Electro-
chemical impedance spectroscopy (EIS) was conducted in the
frequency range from 10 mHz to 100 kHz with a perturbation
amplitude sinusoidal signal of 10 mV. All electrochemical tests
were repeated at least thrice to ensure reproducibility and
reliability.
3. Results and discussion
3.1 Surface morphology and composition

In this report, the formation of superhydrophobic surfaces and
super slippery surfaces on Mg alloy substrates is described.
These were fabricated using a one-step hydrothermal method
and immersion method, and the mechanism of formation is
shown in Scheme 1. Scanning electron micrography (SEM)
images at different magnications of the as-prepared super-
hydrophobic surfaces are displayed in Fig. 1a–c, which show the
micro-morphology of the surfaces. The superhydrophobic
surface was built with a “micro ower” structure (Fig. 1a and b).
The radius of the ower structure wasz12 mm. The structure of
the ower was very complex, and was formed by a needle with
a diameter of 100 nm and 1 mm (Fig. 1c). We concluded that the
structure of the superhydrophobic surface consisted of nano-
and micro-robust hierarchical structures. It has been reported
that a robust hierarchical structure is a key factor for a super-
hydrophobic surface.35,36

Fig. 1d shows that the super slippery surface microstructure
was different to the structure of the superhydrophobic surface.
SEM shows that the super slippery surface became thickened,
the original micro/nano-hierarchical structure was covered with
lubricating oil, part of the gap was partially lled, and that
injection of lubricating oil did not affect the ower-like
composite structure of the whole surface.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Scanning electron micrographs of the surface of the as-
prepared superhydrophobic AZ31 at different magnifications (a–c) and
the super slippery surface (d).

Fig. 3 EDS of (a) the surface of the as-prepared superhydrophobic
AZ31 and (b) super slippery surface.
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The hierarchical micro/nano-scaled structure provided more
space to capture the air to achieve superhydrophobicity and
store lubricating oil to maintain this lubricating property.

The chemical composition of the as-prepared super-
hydrophobic surface was measured by FTIR spectroscopy in the
frequency range 3500–500 cm�1. Fig. 2 depicts the FTIR spec-
trum of the treated sample. The peaks at 2920 and 2857 cm�1

corresponded to the asymmetric and symmetric stretching
vibrations of –CH2– groups, respectively, in the high-frequency
region.37 In the low-frequency region, peaks at 1576 cm�1 and
1467 cm�1 appeared, which was not noted in the original stearic
acid, and the carboxyl group (–COO) peak at z1701 cm�1 does
not appear in Fig. 2. This observation suggested that carboxylate
(CH3(CH2)16COO

�) was formed on the substrate.
To conrm the infusion of lubricating oil onto the surface,

electron-dispersive spectroscopy (EDS) was carried out. Fig. 3
shows the EDS spectra of the superhydrophobic surface (a) and
SLIPS (b). The elements C, O, Mg, Mn and S were clearly
detected on both sample surfaces. Compared with the super-
hydrophobic surface, a new element (F) and more C were
Fig. 2 FTIR spectrum of the superhydrophobic surface.

This journal is © The Royal Society of Chemistry 2017
observed in the SLIPS spectrum. The main component of the
lubricating oil PFPE allowed effective irrigation into voids
within the superhydrophobic surface.
3.2 Analysis of the wettability of different samples

The wettability of the four types of surfaces was measured using
the static contact angle (CA) of water. The CA on an identical
surface was measured at ve locations to obtain the average
value. The corresponding CA images are summarized in Fig. 4.
The CA of the water droplet on the bare AZ31 Mg alloy surface
was z52� (Fig. 4a) and the CA of the slippery liquid-infused
AZ31 Mg alloy was 90� (Fig. 4b). The CA of the as-prepared
superhydrophobic surface was z155�, which was more than
that attributed to the material with a special hierarchical
structure and low surface energy (150�) (Fig. 4c). The CA of
SLIPS was 105� (Fig. 4d). In addition, the dynamic wettability of
SLIPS was measured, and the advancing CA and reducing CA
were 106� and 103�, respectively (Fig. 4e). The small contact
angle hysteresis (CAH) of z3� demonstrated that the droplet
water could “roll off” from the surface. Typically, the water
droplet on the superhydrophobic surface and super slippery
surface maintained the Cassie state. The difference between the
two types of surfaces was that the air layer trapped on the
superhydrophobic surface was replaced by lubricating oil
(PFPE). Based on the Cassie–Baxter equation:25

cos q ¼ fls cos q0 � flv

where q and q0 represent the water CA of the as-prepared
superhydrophobic surface and the blank surface, respectively,
fls is the fraction interfacial area of solid–water on the surface
and flv is the fractional area of air–water. The CA of the just
abraded AZ31Mg alloy wasz52� (Fig. 4a). Given that fls + flv¼ 1,
q0 ¼ 52�, and the CA of the superhydrophobic coating q1 was
z155�, fls1 was calculated to be 0.037. The CA of the SLIPS
coating (q2) was 105�, so the fls2 was calculated to be 0.459.
These data indicated thatz3.7% area served as the contact area
RSC Adv., 2017, 7, 44239–44246 | 44241
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Fig. 4 Contact-angle test for different surfaces. (a) Bare AZ31 Mg
alloy, (b) slippery liquid-infused AZ31 Mg alloy, (c) as-prepared
superhydrophobic surface, (d) slippery liquid-infused porous surface,
(e) dynamic wettability of the SLIPS.

Fig. 5 Static contact angle of superhydrophobic surfaces (a–c), super
slippery surfaces (d–f) and dynamic wettability of the SLIPS after
different times (g–i).
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of the liquid droplet and the solid surface when a water droplet
was placed on the superhydrophobic coating. Furthermore, the
ratio of the contact area between the liquid droplet and the solid
surface of the SLIPS coating was z45.9%. In summary, the
contact area between the liquid and solid surface on the
superhydrophobic surface and SLIPS was smaller than that of
the bare AZ31 Mg alloy, which may result in a better corrosion-
resistant performance for the Mg alloy.
3.3 Stability of superhydrophobic and super slippery
surfaces

3.3.1 Long-term stability. Considering the practical
applications of special wettability surfaces, it is very important
to study the long-term stability of the superhydrophobic
surface and super slippery surface. Moreover, based on
previous reports, the air cushion trapped within the micro-
structure may be destroyed and the lubricating oil on the
SLIPS may be lost over time. Hence, it is necessary to study the
CA values of the superhydrophobic surface and super slippery
surface aer placement for different times. Fig. 5 shows the CA
images of the as-prepared superhydrophobic and super slip-
pery surfaces, which were placed in air for 1, 10 and 50 days,
respectively. The CA values of the superhydrophobic surface
44242 | RSC Adv., 2017, 7, 44239–44246
were about 155�, 154� and 152�, respectively (Fig. 5a–c). The
static contact angle on the superhydrophobic surface
decreased from 155� to 152�, so the long-term stability of the
superhydrophobic surface was conrmed. As shown in
Fig. 5d–f, the CA values of the super slippery surface were
about 105�, 114� and 123�, respectively. The CA of the super
slippery surfaces increased obviously with increasing time of
placement that was different from the observations of the
superhydrophobic surface, primarily due to extension of the
exposure time. First, the lubricating oil solidied in the hier-
archical structure but only rapid curing, followed by water
evaporation on the surface, resulted in complete curing.
Therefore, the surface would be more stable because the
hydrophobicity of the surface would be improved.

To further investigate the long-term stability of the SLIPS, we
tested the dynamic wettability. The video screenshots in Fig. 5g–
i show the advancing (qA) CA and receding (qR) CA to be
different. The qA and qR CAs were 106� and 103�, 110� and 106�

and 110 � 1� and 106� aer air exposure for 1, 3 and 5 days,
respectively. Using these results, the CAH was calculated to be
3�, 4�and 4�, respectively. It has been reported that CAH is due
to a barrier at the front of the droplet.38 The smaller the CAH,
the easier it is for the droplets to roll from the solid surface. We
noted that the CAH changed only slightly, a result that was
consistent with a static contact angle. From a long-term view-
point, the super slippery surface could achieve self-repair by
repeated inltration of a lubricating oil surface for the purpose
of sustainable recycling.

3.3.2 Chemical stability. To assess further the chemical
stability of the treated surfaces, acid and alkali resistance tests
were conducted. Fig. 6 describes the changes in CA values of
droplets with pH values from 1 to 14 on a superhydrophobic
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Change in contact angle of water droplets with pH values from
1 to 14 on a (a) superhydrophobic surface and (b) super slippery
surface.
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surface (a) and super slippery surface (b). The CA declined to
<150�under strong acid (pH ¼ 1) and alkali (pH ¼ 14) condi-
tions (Fig. 6a), which was ascribed to the loss of air pockets. In
addition to these extreme conditions, CA could be #150�,
indicating that the superhydrophobic surface had good resis-
tance to acids and alkalis. Also, there were no obvious differ-
ences in CA under the effect of pH on the super slippery surface
(Fig. 6b). Especially under extreme conditions, the CA was
almost similar. These results suggested the super slippery
surface had a better resistance to acids and alkalis than the
superhydrophobic surface, which corresponded to long-term
stability.

The existence of the air layer can be explained by the
photographs of the treated surfaces immersed in water (Fig. 7).
The submerged region of the superhydrophobic sample looked
like a silver mirror when viewed from an oblique angle, which
indicated that the air cushion had been trapped on the micro/
nanostructure based on the total reection theory.39 The
SLIPS Mg alloy showed no change on the surface irrespective of
whether the area was immersed in water or exposed to air.
These results further conrmed the notion that air pockets were
replaced by lubricating oil (PFPE), which was in good agreement
with the SEM image (Fig. 1d).

Overall, the superhydrophobic surface and super slippery
surface had long-term stability and chemical stability, which
can meet the requirements of applications. Indeed, the SLIPS
applications are more extensive than those for compounds with
a superhydrophobic coating.
Fig. 7 (a) Superhydrophobic film sample and (b) super slippery surface
specimen immersed in deionized water at a certain slant angle.

This journal is © The Royal Society of Chemistry 2017
3.4 Corrosion resistance of superhydrophobic and super
slippery surfaces

The corrosion inhibition of the samples was investigated by
potentiodynamic polarization between �0.4 V and 1.6 V in
a traditional 3.5 wt% NaCl solution. Fig. 8 shows the polariza-
tion curves of the bare, superhydrophobic and super slippery
surfaces, and the electrochemical parameters are summarized
in Table 1. The current densities (icorr) of treated samples
(superhydrophobic surface and super slippery surface)
decreased by more than three and ve orders of magnitude in
comparison with that of the bare AZ31 specimen, respectively
(Fig. 8). Moreover, the icorr of the SLIPS was two orders of
magnitude lower than that of the superhydrophobic coating.
Interestingly, there was no obvious cathode and anode current,
and it was nearly a straight line (10�9 A cm�2), indicating better
corrosion resistance aer SLIPS formed on the surface of theMg
alloy. The main reason for this result was that high scanning
potentials can damage the super slippery surface, so measure-
ment of the potential polarization is not an appropriate method
to evaluate the surface.38

To investigate the corrosion resistance of the samples
further, the corrosion behavior of different types of surfaces was
studied by EIS in 3.5 wt% NaCl aqueous solution.

Fig. 9 displays the Nyquist diagrams of the bare AZ31 Mg
alloy, slippery liquid-infused Mg alloy, the superhydrophobic
surface, and the SLIPS immersed in 3.5 wt% NaCl aqueous
solution for 6 h, respectively. The diameter of the Nyquist plots
of the SLIPS was the largest and had only a capacitive loop in the
high-frequency region (Fig. 9a). Many studies have shown that
the larger the diameter of Nyquist plots, the lower is the
corrosion rate and the better is the corrosion resistance, and
Fig. 8 Polarization curves of untreated AZ31, superhydrophobic AZ31
and SLIPS AZ31 in 3.5 wt% NaCl aqueous solution.

Table 1 Electrochemical parameters of untreated AZ31 and super-
hydrophobic AZ31 in 3.5 wt% NaCl solution

Sample Time (h) Ecorr (V/(Ag/AgCl)) icorr (mA cm�2)

Bare Mg 3 �1.195 15.8
Superhydrophobic Mg 3 �1.176 0.219

RSC Adv., 2017, 7, 44239–44246 | 44243
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Fig. 9 Nyquist plots for four types of surfaces immersed in 3.5 wt%
NaCl aqueous solution for 6 h (a–c).

Fig. 10 Bode plots for four types of surfaces immersed in 3.5 wt%
NaCl aqueous solution for 6 h (a) |z| versus frequency, (b) phase angle
versus frequency.
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that the capacitive loop is related to the charge transfer.40 In
addition, there was no diffusion process, which indicated the
electrochemical reaction on the SLIPS was only controlled by
charge transfer. Thus, among these four types of surfaces, the
SLIPS could decrease the corrosion rate the most. Fig. 9b shows
that there were two capacitive loops in the high- and low-
frequency ranges in the Nyquist plots for the super-
hydrophobic surface. The diameter of the capacitive loop in the
Nyquist plots of the superhydrophobic Mg alloys was larger
than that of the bare Mg alloy, suggesting that the super-
hydrophobic surface could decrease the corrosion rate.
The enlarged Nyquist plots of the bare Mg alloy and slippery
44244 | RSC Adv., 2017, 7, 44239–44246
liquid-infused Mg alloy are shown in Fig. 9c; the diameters of
these two surfaces were similar, which consisted of a medium-
frequency capacitive loop and a low-frequency inductive loop.
The latter demonstrated that the electrolyte was immersed in
the surface, and that pitting corrosion occurred on the Mg alloy
surface and the corrosive products deposited on the surface.41

In this way, we showed that the Mg alloy could not be protected
from corrosion by infusing oil without a rough structure being
present.

The Bode diagrams were also measured. The low-frequency
impedance modulus |Z| value represents the corrosion resis-
tance of the surface. Fig. 10a shows that the impedance values
of the bare AZ31 and slippery liquid-infused Mg alloy were
similar and much lower than that of the as-prepared super-
hydrophobic surface and SLIPS. This observation indicates that
the corrosion resistance of the bare AZ31Mg alloy was improved
by surface treatment of the superhydrophobic surface and
SLIPS. The value of |Z|0.01 Hz decreased from z200 U cm2 for
the untreated AZ31 Mg alloy to 105 U cm2 for the super-
hydrophobic coating aer immersion for 6 h. Thus, the |Z|
increased by three orders of magnitude. The value of |Z|0.01 Hz of
SLIPS was 107 U cm2, which was increased by two orders in
comparison with the superhydrophobic surface. Similar to
other reports,42–44 the values of |Z| in the high-frequency range
were evidently different between these four samples. The high-
frequency limit of the Bode plots is supposed to represent
the electrolyte resistance; the variation at 105 Hz was due to the
air layer between the superhydrophobic interface and the
solution, which made the electrolyte resistance for
the superhydrophobic-coated Mg alloy larger than that for the
untreated alloy. Moreover, the variation at 105 Hz was due to the
oil layer between the super slippery interface and the solution,
which made the electrolyte resistance for the SLIPS larger than
for the other alloy samples. Fig. 10b (Bode plots of phase angle
vs. frequency) shows one time constant atz0.1 Hz and another
time constant at z100 Hz for the untreated AZ31 Mg alloy. The
medium-frequency and low-frequency time constants could be
ascribed to the electrolyte solution of the immersed bare Mg
alloy surface and charge transfer-controlled process, respec-
tively. The Bode plot of the superhydrophobic-treated sample
and super slippery surface-treated sample showed two time
constants at z10 Hz and z1000 Hz, respectively, which was
ascribed to the self-capacitance and controlled charge transfer
that occurred at the interface between the surfaces and
This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Impedance plots of the super slippery surface immersed in
3.5 wt% NaCl aqueous solution at different times: (a) whole Nyquist
plots; (b) enlarged Nyquist plots, (c) Bode plots of |Z| vs. frequency and
(d) Bode plots of phase angle vs. frequency.
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substrates. In addition, the phase angle for the SLIPS and
superhydrophobic surface at high and low frequency was higher
than that of the bare and slippery liquid-infused Mg alloy, and
the shape was distinct. The results stated above were in good
agreement with the features of Nyquist plots observed in
Fig. 10a.

To understand the long-time stability of the super-
hydrophobic lm and SLIPS, EIS tests were conducted aer
immersion in 3.5 wt%NaCl aqueous solution for different times
at room temperature. The results of the superhydrophobic
surface and super slippery surface were observed from Nyquist
plots and Bode plots in Fig. 11 and 12. The diameters of the
capacitive loops of the Nyquist plots and values of |Z|0.01 Hz

decreased gradually with increasing immersion time (Fig. 11)
due to the decreased thickness of the air layer between the
superhydrophobic surface and NaCl solution. The Nyquist plots
for superhydrophobic samples immersed for >5 days contained
a high-frequency capacitive loop, a medium-frequency capaci-
tive loop, and a low-frequency inductive loop (Fig. 11b). Bode
plots of phase angle vs. frequency (Fig. 11 days) showed that
there were two time constants for the superhydrophobic surface
immersed for <72 h and three time constants for the surface
immersed for 5 days to 12 days. The phase angles of the
superhydrophobic sample immersed for 5 days to 12 days were
<0� in the low-frequency range, indicating pitting corrosion on
the surface. However, the charge transfer of the treated surface
aer immersion in NaCl solution for 12 days remained higher
than that of the untreated sample, and the low-frequency
modulus remained high. This effect was attributed to the
water-repellence that prevented contact between the corrosion
liquid and the substrate surface that resulted in corrosion
resistance. These results indicated that the superhydrophobic
surface could improve the corrosion resistance of the Mg alloy
based on a robust micro/nanostructure trapping more air
between the corrosion liquid and substrate.

Fig. 12 shows the impedance plots of the SLIPS immersed in
3.5 wt% NaCl aqueous solution at different times. Although the
Fig. 11 The impedance plots of the superhydrophobic surface
immersed in 3.5 wt% NaCl aqueous solution for different times: (a) the
whole Nyquist plots; (b) enlarged Nyquist plots, (c) Bode plots of |Z| vs.
frequency and (d) Bode plots of phase angle vs. frequency.

This journal is © The Royal Society of Chemistry 2017
diameters of the Nyquist diagrams and values of |Z|0.01 Hz

decreased with increasing immersion time, the speed of
decrease was relatively slow and steady. The value of |Z|0.01 Hz of
the SLIPS immersed for 30 days remained >105 U cm2. The
enlarged Nyquist plot (Fig. 12b) showed no inductive loop in the
low-frequency range, which meant no pitting corrosion on the
SLIPS Mg alloy aer immersion for 30 days and the modulus
value |Z| remained higher than that of the uncoated and
superhydrophobic surface substrates aer immersion for 30
days. These results further demonstrated that the liquid lubri-
cants completely covered the surface and prevented surface
electron transfer. Based on the results of the characterizations,
we showed that the SLIPS possessed good long-term perfor-
mance and corrosion resistance.

4. Conclusions

We prepared a hierarchical-structure superhydrophobic coating
by a one-step hydrothermal method. Then, the SLIPS was
formed by infusing PFPE into the superhydrophobic surface.
The special micro/nanostructure made the surface more robust
and crude to provide more space to store the air and oil in it,
which helped to isolate the liquid from the Mg alloy substrate.
Through CA tests, the SLIPS possessed better long-term dura-
bility than the superhydrophobic surface and bare substrate,
which enhanced the possibilities for wide range of application.
According to the results of electrochemical tests, the SLIPS
possessed better corrosion resistance. The superhydrophobic
coating and super slippery coating could meet the wide
requirements of protecting Mg alloys from corrosion to
a certain extent.
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