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A facile anodic treatment for magnesium alloy was proposed in a choline chloride-ethylene glycol based deep
eutectic solvent (DES). Conversion ﬁlms with interconnected porous networks and jagged nanorod arrays can be
formed, which depends on the applied anodic current density. Crystallographic orientation of the substrate is
accordingly changed. The conversion ﬁlms are mainly composed of MgCO3 which results from the interaction
between the Mg alloy and the released species from the decomposition of DES. A higher anodic current density
produces a better corrosion resistant conversion ﬁlm. Superhydrophobic and slippery surfaces can be achieved
on the as-prepared conversion ﬁlms to further improve the corrosion resistance.

1. Introduction

and lithium remain stable for a long time without being corroded in
speciﬁc ionic liquids owing to no free H+ or other metal cations, which
provides favorable conditions for the control of ﬁlm formation on active
metals [24–29]. M. Forsyth's group proposed a surface treatment of the
AZ31 Mg alloy in biocompatible phosphate-based ionic liquids to mitigate its degradation in human body [24]. They evaluated the cytotoxicity and corrosion resistance of the ionic liquid ﬁlms and found the
corrosion resistance was depended on the treatment time. When a potential bias of −200 mV was applied on the ZE41 Mg alloy during exposure to the ionic liquid of trihexyl(tetradecyl)phosphonium diphenylphosphate, a more uniform ionic liquid ﬁlm would be formed
compared with the one obtained at open circuit potential [29].
Choline chloride (ChCl) based deep eutectic solvents (DESs) are a
new class of ionic liquids or ionic liquid analogues sharing most of their
remarkable qualities while possessing other advantages such as easy
synthesis, low cost facile application and so on [30]. They have been
applied for coating electrodeposition, surface electropolishing, nanomaterial synthesis, and biotransformation [31,32]. Our group has reported that the ChCl-urea based DES would decompose under thermal
conditions to generate ammonia/amide and carbonate in the presence
of a little water [33]. Upon heating, the ChCl-urea mixture could react
with the AZ31B Mg alloy to form a promising anti-corrosion conversion
ﬁlm [23]. It was also demonstrated that the trivalent chromium conversion coating with self-healing eﬀect could be fabricated by utilizing
the interaction between the ChCl-ethylene glycol-CrCl3 solution and the

Magnesium and its alloys have been extensively used in the ﬁelds of
automotive, aerospace, electronics and biomedicine owing to their attractive properties including high speciﬁc strength, considerable ductility, improved machinability, good castability, excellent biocompatibility and available recyclability [1–4]. However, a fatal ﬂaw of Mg
alloys is the poor corrosion resistance caused by the inherently high
activity of Mg. Natural corrosion products such as oxides, hydroxides
and carbonates on Mg alloys cannot provide a uniform and large-area
passive ﬁlm [5]. Artiﬁcial conversion coatings seem to be one of the
eﬀective ways to enhance the corrosion resistance [6–8]. In recent
years, various conversion coatings on Mg alloys have been developed
with advantages of facile procedure, tunable texture and high adhesion
to substrate, e.g. phytic acid [9], chromate [10], phosphate [11–13],
stannate [14,15], vanadate [16,17], permanganate [18], ﬂuoride [2],
and hydrotalcite coatings [19–21]. However, most of these coatings or
ﬁlms are synthesized from conventional aqueous reaction media, which
results in hydrogen evolution and uncontrollable preparation [22]. In
comparison with the widely studied water-based system, non-aqueous
solvents show prospective alternatives for preparing superior coatings
or ﬁlms on Mg alloys [23].
Ionic liquids are room-temperature molten salts composed entirely
of cations and anions, which are regarded as a new type of solvent
except aqueous and organic solvents. Active metals such as magnesium
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Fig. 1. (a) Chronopotentiometric curves at diﬀerent current densities during the anodic treatments. (b) Visual inspections of the original DES and the electrolytes
after anodic treatments at diﬀerent current densities.

Fig. 2. Optical photographs and SEM images of the bare and anodic treated Mg alloy substrates. (a, d) bare Mg alloy, (b, e) CF-25 and (c, f) CF-50. Insets of the SEM
images show the magniﬁed views.

proposed. This work is anticipated to stimulate the practical application
of DESs in the surface treatment of Mg alloys for corrosion protections.

Mg alloy substrate under an ultrasonic condition [34]. Therefore, it
would be promising that more eﬀective coatings or ﬁlms might be
produced on Mg alloys by adopting diﬀerent external ﬁelds at the ionic
liquid/substrate interface. DESs would decompose at both electrodes
over long periods of electrolysis to form chlorinated products and organic compounds via Hoﬀman elimination [35]. The decomposition of
DESs would produce anions and cations which have diﬀerent aﬃnity
for absorption on the Mg alloy surface. Therefore, conversion ﬁlms
could form by interactions between the decomposition products and the
Mg alloy [23].
An electric ﬁeld was applied to stimulate the decomposition of DES
and facilitate the reaction of DES/Mg alloy interface in the present
work. Interestingly, conversion ﬁlms with various nanostructures were
formed on the Mg alloy substrates by the proposed anodic treatment in
the DES. Superhydrophobic surface (SHS) and slippery lubricant-infused porous surface (SLIPS) were further endowed to the conversion
ﬁlms under the inspiration of natural Nepenthes pitcher plants. The
composition, structure and corrosion behavior of the conversion ﬁlms
were investigated. Moreover, a possible ﬁlm formation mechanism was

2. Experimental
2.1. Preparation of conversion ﬁlms and the following surface modiﬁcations
Choline chloride [HOC2H4N(CH3)3+ Cl−] (analytical reagent,
purity ≥ 98.0%) and ethylene glycol [(CH2OH)2] (analytical reagent,
purity ≥ 99.0%) were mixed in a 1:2 mol ratio without further puriﬁcation and subsequently stirred at 80 °C until a homogeneous DES
formed. AZ31B Mg alloy substrates (45 mm × 17 mm × 1 mm) were
previously abraded by SiC papers up to 1000 grit, and then ultrasonically washed in an acetone (analytical reagent, purity ~99.7%)
bath. Each pretreated substrate was sealed by polyimide tapes leaving a
single side of 15 mm × 17 mm. A facile anodic treatment was performed in a chronopotentiometry mode using a two-electrode electrochemical cell (CHI660e, Chenhua Instruments Inc., China). The anodic
voltage was enabled through tuning current density. An unsealed Mg
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25 and SHS-50 to obtain SLIPS-25 and SLIPS-50, respectively. After
completely spreading and permeating the whole SHSs, the specimens
were vertically hung at laboratory environment for 3 days to drain oﬀ
the excess liquid. It was measured that the lubricant sealed in each
specimen was ~3.5 mg cm−2.
2.2. Structural characterization and wettability
A ﬁeld emission scanning electron microscope (FE-SEM, Hitachi SU70) was employed to observe the surface morphology. X-ray diﬀraction
(XRD, XPert Pro-MPD with CuKα radiation, λ = 0.15406 nm) and
transmission electron microscopy (TEM, FEI Tecnai G2F20 S-Twin)
were applied to analyze the crystalline structure. Debris was physically
scraped from the conversion ﬁlms for TEM observations. Surface chemical state was detected by X-ray photoelectron spectroscopy (XPS,
AXIS UTLTRADLD) using monochromatic AlKα radiation with
E = 1486.6 eV after Ar ion sputtering. The XPS core-level spectra were
referred to C 1 s peak at 284.6 eV and analyzed through peak ﬁtting
(XPSPEAK Version 4.1). Fourier transform infrared (FT-IR, Nicolet
iS50) spectra were collected using KBr pellets (conversion ﬁlms were
physically scraped from the substrate and pressed into pellets).
Water contact angle (CA) and sliding angle (SA) were determined by
a contact angle meter (SL200B, Solon Tech.) based on a sessile drop
measuring method with a water droplet volume of 4 μl or 8 μl. CA
hysteresis of the SLIPSs was also revealed by the advancing (θA) and
receding (θR) CAs measured as the substrates were tilted by ~10°.

Fig. 3. XRD patterns of the bare AZ31B Mg alloy substrate and the anodic
treated CF-25 and CF-50. No ﬁlm or reaction product is identiﬁed in these
specimens except a hexagonal Mg phase (JCPDS 35-0821) from the Mg alloy.
But the surface crystallographic orientation of the substrate is changed after the
anodic treatment.

alloy was used as the counter electrode (cathode) and the sealed Mg
alloy (15 mm × 17 mm) was used as the working electrode (anode).
The DES was served as electrolyte, which was stirred at about 800 rpm
and kept at 85 ± 3 °C. Conversion ﬁlms were formed on the Mg alloy
substrates after 30 min at the current density of 25 and 50 mA cm−2.
The corresponding specimens are hereafter denoted as CF-25 and CF50, respectively. Finally, the specimens were sequentially rinsed by
methanol (analytical reagent, purity ~99.7%) and de-ionized water,
and then dried in ﬂowing nitrogen.
SHSs were obtained by immersing the as-prepared CF-25 and CF-50
into a solution of ethanol (analytical reagent, purity ~99.7%) containing 0.5 wt% 1H,1H,2H,2H-perﬂuorooctyltriethoxysilane (PTES,
Amethyst®, purity ~97%) for 2 h at room temperature, and followed by
drying them in an oven for 1 h at 120 °C. The above SHSs are denoted as
SHS-25 and SHS-50, respectively. Furthermore, excess lubricant, perﬂuoropolyether (Fomblin® YR-1800) liquid, was dropped onto the SHS-

2.3. Electrochemical measurements
Corrosion resistance was evaluated by potentiodynamic polarization
measurements and immersion experiments in a 3.5 wt% NaCl (analytical reagent, purity ~99.5%) aqueous solution at room temperature.
Polarization curves were recorded by a three-electrode cell (Chenhua
Instruments Inc., China) with Pt as counter electrode and Ag/AgCl
(saturated KCl) as reference electrode at a scan rate of 1 mV s−1. The
working electrode was the specimen covered by polyimide tapes
leaving an exposed area of ~1 cm2, which was exposed in the solution
for about 20 min to stabilize the open circuit potential before each test.
Corrosion potential (Ecorr) and corrosion current density (icorr) were
derived (Tafel extrapolation) from the polarization curves. The covered
specimens were also immersed in the 3.5 wt% NaCl solution, after
which the morphologies were observed. All the experiments and

Fig. 4. HR-TEM images of the debris scraped from the CF-25 (a) and CF-50 (b). Lattice fringes with crystal plane spacing of 2.45 Å and 2.10 Å are assigned to Mg
(101) planes and MgCO3 (113) planes, respectively. FFT images corresponding to the frames are given in the insets.
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Fig. 5. XPS core-level spectra of the anodic treated CF-25 and CF-50. (a) C 1 s, (b) O 1 s, (c) Mg 2p and (d) Al 2p.

treatments, respectively. The voltage is detected at the working electrode once the current is set, as presented in Fig. 1a. At the current
densities of 25 and 50 mA cm−1, the voltages are stabilized at about 1.5
and 2.0 V (vs. AZ31B), respectively. Both the curves have a sharp decline in the ﬁrst several seconds and a gentle increase in the subsequent
process. The initial voltage decline probably results from the instrument
stabilization. Conversion ﬁlms are likely to be formed and increase the
polarization at the DES/electrode interface, which leads to the following voltage increase. Mg alloy substrate is gradually dissolved into
the DES due to the anodic voltage. As a result, the DES electrolyte turns
from colorless clear (b0) to gray or dark muddy (b1 and b2). The decomposition products at anode include Cl3− species and make the solution turn out to be brown [35]. This process is analogous to the reported electropolishing of stainless steels in the DES [37]. In addition,
bubbles were generated at the electrodes during the long-time electrochemical treatment at such a high overvoltage [38]. It indicated a
severe decomposition of the DES as polarization occurred with the
formation of conversion ﬁlms. We also found ﬁlm-like products formed
on the opposite electrode (i.e. the cathodic Mg alloy) during the experiment, which will be investigated in further study.
Fig. 2 displays the optical photographs and SEM images of the bare
and anodic treated Mg alloy substrates. The mechanically polished Mg
alloy substrate possesses a smooth and bright surface with metallic
luster. Repeatable experiments showed that the CF-50 was visually
more uniform than the CF-25, as presented in Fig. 2b and c. After
anodic treatments, the substrates are uniformly covered by dark conversion ﬁlms and exhibit rough surfaces. Three-dimensional porous
network-like structures are interconnected on the CF-25 surface, as
shown in Fig. 2e. Numerous small openings with the aperture size of
100–500 nm are evenly distributed in the networks. The frameworks of
the network are smooth and coherent. By contrast, three-dimensional
porous arrays are observed on the CF-50 surface, as shown in Fig. 2f.
The jagged arrays are constituted by closely arranged nanorods with a
diameter of ~100 nm. The surfaces of the nanorods are rough and
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Fig. 6. FT-IR spectra of the powders scraped from the CF-25, CF-50 and SHS-50.

measurements were repeated at least three times to ensure the reproducibility.
3. Results and discussion
ChCl-ethylene glycol based DES is an air-stable ionic liquid that is
inert to common metals like Fe, Al, Ni etc. [36] We also found that pure
ChCl-ethylene glycol solution was almost unable to react with the
AZ31B Mg alloy even at a high temperature of ~85 °C. Therefore an
assistant electric ﬁeld was further introduced to facilitate the interface
reactions between the DES and Mg alloy for producing a novel ﬁlm.
Fig. 1a and b show the chronopotentiometric curves at diﬀerent current
densities and the visual changes of the DES electrolytes after the anodic
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Scheme 1. Possible chemical reactions at the cathode during the anodic treatment in the DES. (1) H2 evolution in electrolysis of H2O. (2) Hoﬀman elimination of
choline hydroxides proposed by the reference [35].

Scheme 2. Possible chemical reactions at the anode in the DES. (1) Dissolution of Mg. (2) Dehydration of ethylene glycol proposed by the reference [35]. (3)
Oxidation of acetaldehyde by Cl3− species. (4) Electrolysis of acetic acid. (5) Formation of MgCO3 on the Mg alloy.

Fig. 7. 4 μl of water droplets on the SHS-25 (a), SHS-50 (b) and 8 μl of water droplets on the SLIPS-25 (c), SLIPS-50 (d). Static water CA values are measured from the
left photographs of each picture. Water SAs, advancing (θA) and receding (θR) CAs are determined by the right snapshots. Water droplets quickly roll oﬀ the SHSs
with SA of ~1°, but slowly slide oﬀ the SLIPSs as the substrates are tilted by ~10°.

structured. Therefore, the higher anodic current density results in a
signiﬁcantly rougher surface of the conversion ﬁlm.
XRD patterns of the bare and anodic treated AZ31B Mg alloy

substrates are presented in Fig. 3. There is no peak corresponding to any
ﬁlms or reaction products except the identiﬁed hexagonal Mg phase
(JCPDS 35-0821) from the Mg alloy substrate, which should be
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and the CO32– components at 289.7 eV, respectively [27,39]. They can
be recognized as the impurities from the ChCl-based DES and the
MgCO3 from the conversion ﬁlm, respectively. The O 1 s spectra are
well ﬁtted by two peaks at 529.8 eV for O2– in oxides and at 531.8 eV
for CO32– in carbonates [19]. The sole peak of Mg 2p also contains
Mg2+ in its oxides (49.5 eV) and carbonates (50.5 eV) [40]. The peak
intensity of oxides is much lower than that of carbonates either in the O
1 s or Mg 2p spectra, which means MgCO3 is the mainly component of
the conversion ﬁlm. Moreover, Mg hydroxides have not been formed in
the products from the applied non-aqueous DES, which is in accordance
with the previous works [23,34]. It is ascribed to the very low content
of water in the DES and the trace amount of OH− generated at anode
[35]. The trace amount of Al exists as Al3+, probably Al2O3, in the
conversion ﬁlms. Till now, it is rational to conclude that the conversion
ﬁlms are mainly composed of MgCO3 with little MgO.
Since organic impurities would be brought out from the DES, the
FT-IR spectra are detected and displayed in Fig. 6 to identify functional
groups in the conversion ﬁlms. The characteristic absorption peaks at
about 1440 (ν3), 1100 (ν1) and 850 (ν2) cm−1 conﬁrm the CO32– group
[41–43]. Choline chloride shows the FT-IR bands between 2800 and
3000 cm−1 corresponding to the CeH stretching of the –CH3 and
eCH2e groups, and the band at ~1050 cm−1 due to the stretching
vibration of CeCeO groups [44]. The signiﬁcant absorption peaks in
this range (around 2890 cm−1) have been assigned to the symmetricantisymmetric stretches of NH4+ ν1–ν3 in combination with water ν1–ν3
[45]. Accordingly, the absorbance band at ∼3440 cm−1 corresponds to
adsorbed water, and the bands between 1540 and 1640 cm−1 are attributed to the ν2 (HeOeH) deformation in water and ν2 (NH4+)
stretching vibration in ammonium [45]. It suggests that amine or ammonium is generated and incorporated in the conversion ﬁlms along
with the choline chloride molecules. These organic impurities can be
hardly washed up by water or methanol. The very weak bands at
~3700 cm−1 might be assigned to the lattice vibration of Mg(OH)2
which results from the trace amount of MgO reacting with water
[41,45]. An additional absorption peak at 1251 cm−1 is observed for
the SHS-50, which represents the eCF2e group in the molecular
structure of PTES [46]. Other peaks such as 1320 cm−1 for eCF3 and
1070 cm−1 for eSieOeSie are not signiﬁcant in intensity probably due
to their low quantity in the molecular structure of PTES. Therefore, the
component of MgCO3 is conﬁrmed, and the impurities of ammonium
and choline chloride are detected in the conversion ﬁlms by FT-IR
spectra.
According to the reference [35], choline base (choline hydroxide) is
easily formed at the cathode where OH− concentration is high because
of the reduction of trace water without other metal cations in the DES
(Eq. (1) of Scheme 1). In this case, Hoﬀman elimination of choline
hydroxides occurs (Eq. (2) of Scheme 1). Herein, the product of H2O in
(2) would be further electrolyzed through (1). This progress seems to be
a rational explanation for the observed bubble evolution at cathode. As
for anode, the chemical reactions should be much more complicated.
Herein, we proposed a possible approach for the anodic reactions. On
the one hand, the Mg alloy is gradually dissolved into the DES, which
could be described as Eq. (1) of Scheme 2. It should be noted that Cl3−
species are liable to remain in the DES instead of Cl2 gas and react as an
oxidant [35]. Meanwhile, the dehydration of ethylene glycol would
produce the acetaldehyde (Eq. (2) of Scheme 2), which should be the
primary source of acetaldehyde except the product of Hoﬀman elimination [35]. On the other hand, the Cl3− species with strong oxidation
could easily oxidize acetaldehyde to acetic acid which is further electrolyzed to generate H2CO3 around the anode (Eqs. (3) and (4) of
Scheme 2). MgCO3 could be deposited on the Mg alloy substrate (Eq.
(5) of Scheme 2). As the predominant reaction (Eq. (1) of Scheme 2),
the dissolution of Mg maintains during the anodic treatment, thus the
newly formed MgCO3 based conversion ﬁlm cannot grow very thick. It
is a dynamic equilibrium between the substrate dissolution and the ﬁlm
formation. Further investigations on ﬁlm formation mechanism would
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Fig. 8. Polarization curves of the bare AZ31B, CF-25, CF-50, SHS-50 and SLIPS50 in a 3.5 wt% NaCl aqueous solution at room temperature. The scan rate is
1 mV s−1 (vs. Ag/AgCl).
Table 1
Corrosion parameters of the bare AZ31B, CF-25, CF-50, SHS-50 and SLIPS-50
summarized from the polarization curves. The potentials are referenced to the
Ag/AgCl electrode.
Sample

AZ31B

CF-25

CF-50

SHS-50

SLIPS-50

Ecorr (mV)
icorr (μA cm−2)

−151
988

−150
66.5

−149
27.7

−145
0.711

−145
0.263

attributed to the thin and very small quantity of the ﬁlm. Therefore the
following TEM detections are necessary. Interestingly, a signiﬁcant
weakened peak intensity ratio of (101) to (002) planes of hexagonal Mg
is found in the conversion ﬁlms compared to that in the AZ31B Mg alloy
substrate. For instance, the intensity ratio of (101) over (002) planes, I
(101)/I(002), is about 1.24, 0.17 and 0.13 for the AZ31B, CF-25 and CF50, respectively. Besides, the intensity ratio of (100) over (002) planes,
I(100)/I(002), for the conversion ﬁlms is also decreased. It indicates
that the (101) and (100) planes of Mg are priority to be dissolved.
Moreover, the higher voltage induced by higher anodic current density
promotes the preferential dissolution of the substrate. Consequently,
the current density-dependent structure and morphology of the conversion ﬁlm are closely related to the selective dissolution of the substrate and the complicated ﬁlm growth process.
TEM observations are performed to further explore the structure
and composition of the as-prepared conversion ﬁlms. Typical high-resolution TEM (HR-TEM) images of the debris scraped from the conversion ﬁlms are given in Fig. 4. The CF-25 and CF-50 exhibit similar
crystal structures and both of them are composed of nanocrystals with
an average grain size of ~10 nm. Lattice fringes with crystal plane
spacing of 2.45 Å are corresponding to Mg (101) planes from the substrate and those with crystal plane spacing of 2.10 Å are assigned to
MgCO3 (113) planes (JCPDS 08-0479). These results are also conﬁrmed
by fast Fourier transform (FFT) analyses, as shown in the insets. On
account of the similar plane spacing of MgO (200) planes (JCPDS 780430) to that of MgCO3 (113) planes, it is hardly to conﬁrm the existence of MgO in the conversion ﬁlms. Hence, XPS was adopted to
reveal the surface composition of the conversion ﬁlms.
Fig. 5 exhibits the C 1 s, O 1 s, Mg 2p and Al 2p core-level XPS
spectra of the anodic treated CF-25 and CF-50. All the peaks are referred to C 1 s peak at the binding energy of 284.6 eV corresponding to
CeC species. Similar ﬁtting results are obtained for the CF-25 and CF50, which indicates the same composition of the conversion ﬁlms prepared at diﬀerent anodic current densities. For the C 1 s spectra, the
other two peaks are assigned to the CeN or CeO structure at 285.7 eV
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Fig. 9. Optical photographs of the bare AZ31B, CF-25, CF-50, SHS-50 and SLIPS-50 after immersing in the 3.5 wt% NaCl aqueous solution at room temperature for 12
and 24 h.

of the specimen. Signiﬁcantly decreased anodic current densities are
detected for the coated specimens (CF-25 and CF-50) compared with
the bare substrate. It suggests that the corrosion resistance of the AZ31B
Mg alloy is eﬀectively enhanced by anodic treatment processes in the
DES. As listed in Table 1, the CF-25 and CF-50 exhibit lower icorr than
the bare Mg alloy substrate although they possess almost the same Ecorr
as the substrate. Moreover, the higher anodic current density applied in
the anodic treatment, the better corrosion resistance of the conversion
ﬁlm is obtained. Since the Mg alloy substrate has a signiﬁcant inﬂuence
on the corrosion resistance of the thin conversion ﬁlm, it is reasonable
to get the adjacent Ecorr values of the AZ31B, CF-25 and CF-50. The icorr
of the conversion ﬁlm is further decreased by 2 orders of magnitude
after the SHS or SLIPS modiﬁcation. The air pocket layer trapped in the
grooves and self-assembled monolayers (SAMs) of PTES formed on the
SHS-50 surface are responsible for the signiﬁcant decrease of icorr and
positive shift of Ecorr. Air pockets and SAMs serve as corrosion barriers
to isolate the substrate or conversion ﬁlm from NaCl solution, which
leads to a small contact area of the solid/liquid interface. As a consequence, it makes the anodic branch look like a passivation plateau
with low anodic current density between the potentials of −1.45 V
and − 1.36 V. The abrupt rise of anodic current density at −1.36 V
should be attributed to the collapse of SHS. Theoretically, no Faraday
process occurs in a fully lubricant infused SLIPS and negligible current
should be detected owing to the charging/discharging of the double
layer capacitance [19,48]. However, the SLIPS-50 was vertically hung

be carried on in the future work. This novel anodic treatment in DES
shows the feasibility of conversion ﬁlm formation on Mg alloys.
The porous structures of the conversion ﬁlms may not be a perfect
choice for corrosion protections. However, eﬀective enhancement in
corrosion resistance can be obtained by further surface modiﬁcations
[19]. Fig. 7 shows the wettability of the conversion ﬁlms after superhyrophobic (SHS-25, SHS-50) and slippery (SLIPS-25 and SLIPS-50)
modiﬁcations. It can be seen that superhydrophobic and slippery surfaces are achieved either for the CF-25 or for the CF-50. The water (4 μl)
CA value of the SHS-50 (158 ± 1°) is a little larger than that of the
SHS-25 (154 ± 1°) though their SA values are both very small (~1°). It
is ascribed to the rougher surface of the CF-50 compared with the CF-25
(see Fig. 2e and f). After slippery modiﬁcation, the two conversion ﬁlms
possess similar water CA values (about 117°). Water droplets (8 μl)
slowly slide oﬀ the SLIPSs as the substrates are tilted by ~10°. A higher
CA hysteresis is found for the SLIPS-25 (~13°) than that for the SLIPS50 (~8°), which might be ascribed to the nonuniformity of the CF-25
(see Fig. 2b). Therefore, water droplets would be pinned on the surface
[47].
Fig. 8 exhibits the polarization curves of the bare AZ31B, CF-25, CF50, SHS-50 and SLIPS-50 performed in a 3.5 wt% NaCl aqueous solution
at room temperature. The Ecorr and icorr are derived from the polarization curves and summarized in Table 1. In the polarization curves,
the cathodic branch is attributed to hydrogen evolution, while the
anodic branch shows important features related to the anodic behavior
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for 3 days to drain oﬀ the excess lubricant in this work. The jagged
arrays are very likely to be exposed without the protection of lubricant,
which is apt to be corroded. Corrosion aggravates rapidly at these defects without passivation. Consequently, the Ecorr of the SLIPS-50 is
similar to that of the SHS-50, whereas the icorr of the SLIPS-50 is detected though it is lower than that of the SHS-50. As an additional
corrosion barrier, the infused lubricant layer further prevents the substrate from corrosion. It can be seen that the low anodic current density
of SLIPS-50 maintains until SLIPS collapses at the potential of −1.31 V.
The immersion test was performed by exposing the bare AZ31B, CF25, CF-50, SHS-50 and SLIPS-50 in the 3.5 wt% NaCl aqueous solution
for 12 and 24 h. The optical photographs after immersion test are
shown in Fig. 9. After 12 h of immersion, these specimens exhibited
diﬀerent levels of corrosion. An uneven gray ﬁlm with some white pits
was covered on the bare AZ31B indicating a severe corrosion of the
substrate. It seemed that the as-prepared conversion ﬁlms of the CF-25
and CF-50 were desquamated leaving another gray ﬁlm without visible
corrosion pits. The partial desquamation of the CF-50 suggests a mitigation of corrosion compared to the CF-25, which is in accordance with
the polarization curves. Accordingly, a localized area was corroded for
the SHS-50 with enhanced corrosion resistance and no visible corrosion
trace was observed for the SLIPS-50. Only a small corrosion pit was
found on the SLIPS-50 after 24 h of immersion, which originated from
the desquamated region undergoing 12 h of immersion. During the
immersion, corrosion aggravated at the defects of the desquamated
regions for the other specimens. It can be speculated that the conversion
ﬁlms in the immersion test should involve the following corrosion
processes. Firstly, aggressive Cl− in the solution attacks and destroys
the exposed MgCO3 based conversion ﬁlm, which results in a dissolution/desquamation of the conversion ﬁlm. Then the inner Mg alloy
substrate is corroded to form gray conversion ﬁlms. Finally, some defects in the ﬁlm regions are further corroded by Cl− leaving white
corrosion pits on the surface. The enhanced corrosion resistance of the
SHS and SLIPS might be attributed to the less contact area between the
conversion ﬁlms and corrosive solution supported by trapped air and
infused lubricant in the ﬁlms.
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4. Conclusions
The anodic treatment was carried out in the DES for preparing
conversion ﬁlms on Mg alloys. The as-prepared conversion ﬁlm showed
a rough surface with interconnected porous networks or jagged nanorod arrays depending on the applied anodic current density. XRD
results indicated that the surface crystallographic orientation of the Mg
alloy was changed after the anodic treatment. TEM and XPS analyses
conﬁrmed the formation of MgCO3 and little MgO in the conversion
ﬁlm. The underlying mechanism for the conversion ﬁlm growth was
proposed, which might involve the DES decomposition at the anodic
voltage and the interaction between the substrate and DES-derived
species. Superhydrophobic and slippery surfaces were further achieved
on the CF-25 and CF-50 by surface modiﬁcations. The icorr of the Mg
alloy with conversion ﬁlms was decreased to 66.5 (CF-25) and 27.7 (CF50) μA cm−2 from 988 μA cm−2 of the bare substrate. Moreover, the
icorr was further decreased by 2 orders of magnitude after the superhydrophobic or slippery modiﬁcations, indicating a signiﬁcant enhancement in corrosion resistance. Passivation plateaus were found in
the polarization curves for the SHS-50 and SLIPS-50.
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