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a b s t r a c t

In an era where the concept of green development is deeply rooted, magnesium (Mg) alloy as a light

metal has a long-term development prospect in the process of energy saving, emission reduction and

environmental improvement. However, anti-corrosion performance of Mg alloy is poor due to the high

chemical activity and low equilibrium potential, which limits the development of Mg alloy products.

Herein, three-dimensional mesopore hollow polypyrrole spheres (MHPS) were prepared, and the MHPS

was inserted into the middle of the stacked hexagon boron nitride (h-BN) lamellae, which allowed the h-

BN to be separated forming a further composite with abundant pore structure. Subsequently, the MHPS/h-

BN-OH composite was uniformly sprayed on the Mg alloy surface via simple spraying method to form the

superhydrophobic surface (SHS). Finally, the slippery liquid infused porous surface (SLIPS) was success-

fully fabricated by applying drops of silicone lubricant on the superhydrophobic coating surface. After a

series of characterization and testing, the results showed that the stacking of h-BN lamellae was signifi-

cantly reduced after h-BN was successfully embedded by MHPS. In addition, the fabricated SLIPS have ex-

cellent self-cleaning, mechanical stability, anti-icing and anti-corrosion properties. Therefore, the method

of embedding polymer microspheres not only offers a new strategy for h-BN exfoliation, but also the

successful prepared SLIPS largely retards the corrosion of Mg alloy while providing new ideas for the

development of SLIPS.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lightweight development has become imperative in the present

era of energy saving, emission reduction and green development

[1–3]. Mg alloy as a light metal structural alloy with a density of

only 1.8 g/cm3, and has excellent specific strength, ductility, ther-

mal conductivity, and machinability [4,5]. Thus, Mg alloys have

outstanding competitiveness in aerospace, marine, automotive, and

other fields with stringent weight limitations [6]. Unfortunately,

Mg alloy is severely susceptible to corrosion in atmospheric, soil,

and marine environments due to the high chemical activity [7].

The occurrence of corrosion can not only cause irreversible dam-

age to the appearance and mechanical properties of Mg alloy, but

can also cause huge economic losses and safety hazards in in-

dustrial production. In order to solve this problem, the fabrica-

tion of protective coatings on Mg alloy is one of the proven meth-

ods. Protective coatings prevent the corrosion of Mg alloy by form-

ing an effective barrier against direct contact with corrosive media
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[8]. Among various protective coatings, superhydrophobic coatings

have received a lot of attention in the anti-corrosion and oil water

separation field due to the unique air layer formed by the surface

structure, which prevents the intrusion of water as corrosive me-

dia [9–12]. Nevertheless, the microstructure of the superhydropho-

bic coating is susceptible to damage caused by the harsh external

environment during the long-term process of corrosion protection,

resulting in the loss of superhydrophobicity and increase in adhe-

sion [13]. Therefore, it is imperative to advance the development

of SLIPS with long-term anti-corrosion and low adhesion.

As the deepening of biological knowledge of nature, the con-

cept of SLIPS was presented by Aizenberg et al. which was in-

spired by natural nepenthes pitcher plants in 2011 [14]. The dense

lubricant layer and the unique super slip properties of SLIPS pro-

vide a more stable anti-corrosion property for SLIPS [15]. Moreover,

the SLIPS exhibits excellent anti-icing and anti-contaminant prop-

erties [16]. In recent years, anti-corrosion coatings based on SLIPS

have been continuously designed and prepared. For example, Long

et al. [17] used the natural porous structure of attapulgite (APT)
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to cleverly avoid the complex pore formation process traditionally

used to make SLIPS. The SLIPS with anti-corrosion were then pre-

pared by infusing lubricants into these natural pores. Zhang et al.

[18] prepared a double-layer SLIPS with excellent corrosion resis-

tance composed of dense under layer and porous top layer. Thus,

the preparation of SLIPS by infusing lubricants into porous struc-

tures opens new horizons in the design and fabrication of Mg alloy

anti-corrosion coatings [19]. However, currently reported SLIPS are

mostly failed to provide sufficient capillary forces, which largely

limits the filling and efficient storage of lubricants. Especially some

fluorine lubricants are chosen as the lubricant layer, when the lu-

bricant leakage will cause irreversible damage to the environment.

Therefore, it is an urgent need to develop a SLIPS with abundant

mesoporous structure for metal anti-corrosion. In addition, the

polypyrrole (PPy) and h-BN as both excellent corrosion protection

materials for Mg alloy anti-corrosion, the former by forming a pas-

sivation film on the Mg alloy thus inhibiting the onset of corrosion

and the latter graphite-like structure prolongs the erosion path of

corrosive media. For the above reasons, PPy and h-BN are widely

applied as fillers for anti-corrosion coatings. Li et al. [20] utilized

a simple electroplating and spray-coating method to fabricate a

superhydrophobic coating with excellent corrosion protection on

Mg alloy, which consists of under layer of graphene oxide and top

layer of PPy/ZIF-8. Chen et al. [21] selected to compound poly-

dopamine functionalized carbon powder with PPy to fabricate a

conductive coating that could significantly avoid the occurrence of

pitting. Li et al. [22] prepared a BN/ZrO2 composite coating by sol-

gel method. The electrochemical test results indicated that the ad-

dition of h-BN greatly enhanced the anti-corrosion ability of the

coating. Wang et al. [23] prepared BN@CF composite material by

grafting polydopamine modified carbon fibres onto h-BN. Subse-

quently, BN@CF composite material was applied to produce a coat-

ing with excellent corrosion resistance. However, the PPy as a filler

in anti-corrosion coatings has the possibility to aggravate the cor-

rosion phenomenon due to its high electrical conductivity [24].

Moreover, the poor dispersibility of original h-BN hinders its ap-

plication as a coating filler [25]. Hence, the selection of h-BN with

high insulating properties combined with PPy on the one hand

suppresses the conductivity of PPy. On the other hand, the inser-

tion of the PPy into the h-BN sheet structure greatly improves the

dispersion of the h-BN. Most importantly, we have not only solved

the problem of using PPy and h-BN as fillers for anti-corrosion

coatings but have also succeeded in constructing SLIPS with abun-

dant pore structure on Mg alloy by preparing MHPS and interca-

lating MHPS into the h-BN lamellar structure.

Herein, the SLIPS with an abundant pore structure was fabri-

cated on the Mg alloy via hollow porous polymer intercalate h-BN.

Firstly, the hexadecyltrimethoxysilane (HDTMS) modified MHPS/h-

BN-OH abundant pore composites were sprayed on the Mg alloy

surface by simple spraying method to form SHS. Subsequently, the

SLIPS were fabricated by infusion of silicone oil into the SHS. The

rich mesoporous structure of the MHPS and the pores formed by

the MHPS intercalated with h-BN provide ample space for the in-

fusing of lubricants. As the lubricant fills the SHS structure, the

metastable air layer of the SHS changes to a dense silicone oil film.

The synergy of a dense silicone oil film to resist the intrusion of

corrosive media, h-BN to prolong the corrosion path of corrosive

media and MHPS to passivate the metal surface provides excel-

lent corrosion protection for MHPS/h-BN-OH composite SLIPS. In

addition, the excellent electrical insulating properties of h-BN are

a great solution to the problem of electrical conductivity in MHPS

as a raw material. Moreover, the SLIPS also demonstrates superior

mechanical stability, anti-contaminant, and anti-icing performance.

Most importantly, the unique abundant pore structure formed by

MHPS and MHPS embedded h-BN layers can abundant pore pro-

vide more sufficient capillary force to avoid environmental contam-

ination due to lubricant loss. Therefore, this work will advance the

field of h-BN and PPy in metal corrosion protection and provide

valuable insights for the preparation of environmentally friendly

SLIPS.

Firstly, 1 g h-BN was dispersed in ethanol absolute (10 mL)

through sonicated for 30 min to obtain creamy white suspension

named solution A as a standby application. Then prepare 20 mL

of 5 mol/L NaOH and be named solution B after leave to cool to

room temperature. The above solutions A and B were mixed in a

three-necked flask with magnetic stirring and condensation reflux

in oil bath at 100 °C for 18 h. Finally, the resulting solution was

separated by centrifugation, then repeatedly washed with deion-

ized water and ethanol absolute until the supernatant was neutral.

Subsequently, the precipitate obtained by centrifugal washing dried

at 60 °C to obtain Hydroxide radical modified h-BN (h-BN-OH). The

Stöber method was used to synthesize SiO2 [26]. The MHPS were

synthesized with silica as a template at room temperature [27].

The MHPS has a clear hollow structure as seen by Transmission

Electron Microscope (Fig. S1 in Supporting information). For the

combination of MHPS and h-BN-OH. Firstly, the MHPS (1 g) and

h-BN-OH (3 g) were each added to deionized water (200 mL) with

sonication for 150 min. Then, the MHPS solution was slowly added

to the h-BN-OH solution during magnetic stirring. Subsequently,

the mixed MHPS/h-BN-OH solution was sonicated for 1 h. Finally,

the mixed solution was centrifuged and dried to obtain MHPS/h-

BN-OH powder.

The schematic diagram synthesis of the MHPS/h-BN and prepa-

ration of the SLIPS is illustrated in Fig. 1. Prior to preparate SLIPS,

the Mg alloy needs to be pretreated. Firstly, the Mg alloy was pol-

ished with 800 grits of SiC paper, then cleaned with deionized

water to remove the dust, and ultrasonicated with acetone and

ethanol absolute for 30 min to remove the surface grease and im-

purities, and finally dried in vacuum. The prepared MHPS/h-BN-

OH powder (0.3 g), HDTMS and deionized water were added to

ethanol (10 mL) and sonicated for 20 min to form MHPS/h-BN-

OH suspension. Simultaneously, epoxy resin (0.15 g) and polyamide

resin (0.3 g) were dissolved in ethanol (10 mL) and sonicated for

2 h and added to the above MHPS/h-BN-OH suspension. Subse-

quently, the prepared suspension was uniformly sprayed onto the

pretreated AZ31B Mg alloy using a spray gun at 0.2 MPa atmo-

spheric pressure with a distance of 15 cm from the substrate. Fi-

nally, the SHS was obtained by curing at 120 °C for 2 h. For prepa-

ration of SLIPS, the silicone oil (50 μL) was dropped on the surface

of Mg alloy coated with MHPS/h-BN-OH superhydrophobic coating.

After being left horizontally for 2 h at room temperature for com-

plete injection of silicone oil, the excess silicone oil was removed

by leaving sample vertically for 3 h.

The FE-SEM micrograph of different powder samples was

shown in Fig. S2 (Supporting information). The original h-BN

shows a layer-by-layer stacking, and each sheet layer with larger

and thicker size (Figs. S2a and a1). As shown in Figs. S2b and b1,

the MHPS prepared by using spherical SiO2 as the template shows

an ordered three-dimensional spherical structure, and after etch-

ing with 10 wt% HF acid solution, the spherical structure does

not appear to collapse, which provides favorable conditions for the

subsequent preparation of SLIPS. Subsequently, positive and neg-

ative charge attraction effect between MHPS and h-BN-OH allows

MHPS to be embedded in the stacked h-BN lamellar structure thus

achieving the effect of exfoliating h-BN. The Figs. S2c and c1 show

that the MHPS are successfully embedded in the h-BN nanosheets,

which makes the h-BN nanosheets smaller in size and thinner

in thickness. Meanwhile, it can be observed at high magnifica-

tion that the MHPS/h-BN-OH powder has a rich micro-nano porous

structure formed by embedding MHPS into h-BN nanosheets. Most

importantly, the dimension of the micro/nanostructures is 41.9 nm

(Fig. S3c in Supporting information), which consists of MHPS with
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Fig. 1. Schematic diagram of SLIPS coating preparation.

Fig. 2. FE-SEM images of surface appearance of (a) bare Mg alloy, (b, c) SHS coating and (d, e) SLIPS coating at low and high magnification. (f) Cross-section FE-SEM images

of SHS. The insets of (a), (b) and (d) are the WCA of the bare Mg alloy, SHS coating and SLIPS coating.

a particle size of 174.2 nm (Fig. S3a in Supporting information) and

h-BN with a lamella thickness of 74.4 nm (Fig. S3b in Supporting

information). The synergistic effect of the porous structure and the

MHPS ensures that a large amount of lubricant is locked in the

surface. In addition, measurement of surface area and pore struc-

ture analysis performed via nitrogen adsorption confirmed these

results. The FE-SEM technique was applied to observe the surface

morphological characteristics of the original Mg alloy, the SHS and

the SLIPS. The surface morphology of the original Mg alloy was

shown in Fig. 2a, which clearly shows the minor scratches result-

ing from sandpaper polishing of the surface on the untreated Mg

alloy. Besides, the water contact angle (WCA) of the original Mg al-

loy is only 38.94° ± 2°. The MHPS/h-BN-OH composite was sprayed

to the Mg alloy surface by spraying method. As shown in Fig. 2b,

the composite was uniformly covered on the Mg alloy surface

and formed micro-nanoscale bumps like the lotus leaf surface. The

micro-nanoscale porous structures of SHS were observed at high

magnification (Fig. 2c). The WCA of the SHS reaches 163.14° ± 2°
with the synergistic effect of the micro-nanoscale bumps and the

low surface energy material modifications. As shown in Fig. 2d,

the SLIPS is denser compared to the SHS coating after the sili-

cone oil injection. The original porous structure was found to dis-

appear at high magnification (Fig. 2e). The formation of the sili-

cone oil layer is because the fact that MHPS as a hollow polypyr-

role spheres with mesoporous can locks the lubricant inside the

sphere, and the MHPS insert h-BN-OH also forms a large number

of pores to store the silicone oil. The movement state of the liquid

on the SLIPS has changed from rolling to sliding compare with the

rolling behaviors of the droplets on the SHS. Therefore, the WCA of

the SLIPS coating decreases, but still maintains an excellent water

repellency, and the WCA reaches 100.77° ± 2° and water sliding

angle (SA) of 4° (Fig. S4 in Supporting information). Furthermore,

the cross-sectional view (Fig. 2f) of the SHS shows that the thick-

ness of the SLIPS coating is 120 μm. Fig. S5 (Supporting informa-

tion) shows a 3D surface contour view of the SHS. The 3D hierar-

chical micro-nanoscale porous rough structures with the root mean

square (Rms) roughness approximately 620.7 nm.

The chemical bonds or functional groups of h-BN, h-BN-OH,

MHPS and h-BN/MHPS powder were characterized by Fourier

transform infrared (FTIR) spectroscopy. As illustrated in Fig. S6a

(Supporting information), the intense absorption peaks at 1378

cm−1 and 820 cm−1 are caused by the in-plane stretching vibra-
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tion of the B-N bond and the out-of-plane bending vibration of

B-N-B. The minor absorption peak at 2923 cm−1 may be a -CH2-

symmetric stretching vibration peak due to the mixing of organic

impurities. Moreover, a broad absorption band appears at 3442

cm−1 probably due to the stretching vibration of O-H, and the

peak at 3442 cm−1 of h-BN-OH modified by hydroxyl groups is

significantly larger and the peak domain is wider than that be-

fore the modification, which indicates that h-BN was successfully

modified [28]. For the MHPS, the absorption band at 850 cm−1

was caused by C-H out-of-plane deformation vibration. The ab-

sorption peak at 1179 cm−1 was due to the stretching vibration of

C-N. The appearance of absorption bands at 1551 cm−1 and 1462

cm−1 were attributed to the fundamental vibration of the pyrrole

rings [29]. It is noteworthy that a new characteristic peak belong-

ing to MHPS appears in the FT-IR spectrum of MHPS/h-BN. This

result indicates the successful combination of h-BN and MHPS. Fig.

S6b (Supporting information) is the XRD patterns of h-BN, h-BN-

OH, MHPS and h-BN/MHPS. As seen in Fig. S6b, the original h-BN

has distinct characteristic peaks at 2θ = 26.43°, 41.30°, 43.39° and
54.67° which match perfectly with the positions of the character-

istic peaks of (002), (100), (101) and (004) crystal surfaces on the

PDF card of h-BN thus indicating the h-BN belongs to the hexago-

nal phase crystal structure [30]. After the NaOH modification, the

characteristic diffraction peaks of h-BN-OH are in the same po-

sition as the characteristic diffraction peaks of h-BN and without

impurity peaks, but the intensity of the peak is decreased. This re-

sult indicates that although the purity of h-BN is higher after the

hydroxyl modification, the crystal structure is affected. The (002)

crystal face strength of MHPS/h-BN-OH is significantly reduced by

comparing the XRD patterns of h-BN and MHPS/h-BN-OH, indicat-

ing a decrease in the number of ordered stacked layers in the c-

axis direction of the hexagonal crystal system [31]. According to

Scherrer formula [32], the width of the diffraction peak about half-

peak height is proportional to the average grain thickness, and the

decrease of the diffraction peak (002) indicates that the original

h-BN is successfully stripped through the MHPS intercalation. Be-

sides, the MHPS has broad characteristic peaks at 2θ = 23°, which

is characteristic peaks of PPy, indicating that MHPS has an orthog-

onal crystal system structure with space group Fddd.

The porosity of the MHPS and MHPS/h-BN-OH samples was

determined by BET testing at 77.3 K. As shown in Figs. S7a and

b (Supporting information), the Nitrogen adsorption-desorption

isotherm of both MHPS and MHPS/h-BN-OH samples are type IV

and the small H3 hysteresis loop indicates that MHPS and MHPS/h-

BN-OH have distinct mesoporous characteristics. At low pressures

of 0–0.1 relative pressure the isotherm is biased towards the Y-

axis indicating that the samples have a strong interaction with ni-

trogen. At high pressures of 0.9–1.0 relative pressure the MHPS

and MHPS/h-BN-OH samples show a high N2 adsorption behav-

ior indicating the presence of some macroporous structures in the

samples. The pore size distribution curves for MHPS and MHPS/h-

BN-OH samples calculated from the Barrett-Joyner-Hallender (BJH)

model are shown in Figs. S7c and d (Supporting information). From

the pore size distribution curves, the MHPS and MHPS/h-BN-OH

samples have a continuous pore size distribution and that the pore

sizes are mainly concentrated below 500 Å. Moreover, the MHPS/h-

BN-OH samples showed significantly more mesoporous structures

than MHPS indicating that MHPS intercalated h-BN-OH to form

a new mesoporous structure. The average pore size of the MHPS

and MHPS/h-BN-OH samples was 130.846 Å and 141.909 Å respec-

tively. The BET surface area of the MHPS and MHPS/h-BN-OH sam-

ples were 34.7906 m²/g and 31.5026 m²/g. The BET test results

show that both MHPS and MHPS/h-BN-OH are mesoporous struc-

tures. Thus, the multiple mesoporous structures formed by MHPS

and MHPS/h-BN-OH are beneficial for the silicone oil injection and

locking.

Currently, most of the reported mechanical properties of SHS

were poor since the papillary micro-nano structures onto the

rough surface ware easily damaged. Therefore, the SLIPS as a new

type of coating based on SHS, and the mechanical stability of the

SLIPS coating becomes an important indicator to evaluate the suit-

ability of the coating for industrial applications [33,34]. The me-

chanical stability of SHS was assessed via a sandpaper friction test.

As shown in Fig. S8a (Supporting information), the SHS was pulled

10 cm back and forth on 800 grits SiC sandpaper after a 100 g

weight was pressed on the back of the Mg alloy. A rubbing cycle

of 10 cm is taken as pushing back and forth on the sandpaper. Fig.

S8b (Supporting information) records the WCA of the SHS at dif-

ferent stages after 50 cycles of friction. It can be clearly seen that

the WCA of the SHS is always greater than 150° during the pro-

cess of 50 friction cycle. The slight increase in WCA after 20 and

40 friction cycles is due to the increased surface roughness of the

SHS after sandpaper friction.

For the practical application of Mg alloy, whether the coating

applied to the surface of Mg alloy has good anti-contaminant per-

formance is particularly important. As shown in Fig. S9 (Supporting

information), the anti-contaminant properties of SLIPS are evalu-

ated by simulating the contamination sources in real life by using

different liquids. As can be seen from the images inserted in the

upper right corner of Figs. S9a–d, different liquid contaminants (a.

methylene blue stained water, b. fruit juice, c. milk, d. muddy wa-

ter mixture) remain on the surface of the original Mg alloy and

cannot be slid off, resulting in different degrees of contamination

on the surface of the Mg alloy. However, after the bare Mg alloy

was covered with the SLIPS, the droplets slid off quickly and with-

out leave any traces on the coating surface when droplets of con-

taminants fell on the coating surface (Figs. S9a-a2). Simulated con-

taminant droplet sloshing tests have shown that SLIPS has excel-

lent anti-contaminant properties due to the excellent water repel-

lency of the coating and the unique super-grease properties of the

silicone oil layer. The special silicone oil layer of the SLIPS coating

effectively prevents the adhesion of ice to the Mg alloy in low tem-

perature environments. Fig. S10 (Supporting information) shows a

simple anti-icing experiment for bare Mg alloy, SHS and SLIPS. The

three samples were inserted vertically into a beaker containing

a small amount of ice and then filled with water and stored at

−15 °C for 24 h. After 24 h of freezing, the bare Mg alloy and SHS

are firmly frozen in the ice, only the SLIPS coating can be easily

taken out. After taking out the SLIPS form the ice, the SLIPS sur-

face still retains sufficient silicone oil and leaves unbroken holes in

the ice. The SLIPS obtains anti-icing properties based on three rea-

sons: (1) The presence of a silicone oil layer reduces the contact of

the coating with water, resulting in less ice adhesion after freezing.

(2) The injection of silicone oil makes the coating super-smooth

and thus does not provide the pinning points required for water to

freeze. (3) Even after ice has formed, it can be easily removed due

to the super-smooth nature of the SLIPS. The simple anti-icing test

above shows that the SLIPS coating has excellent anti-icing proper-

ties.

To examine the original anti-corrosion capabilities of the SLIPS,

EIS plots and Tafel graph of Mg alloy and SHS were performed sep-

arately by electrochemical workstation for comparison. The poten-

tial dynamic polarization curve of the bare Mg alloy, SHS and SLIPS

are shown in Fig. S11 (Supporting information). In addition, the po-

larization parameters are displayed in Table S1 (Supporting infor-

mation, corrosion potential (Ecorr), corrosion current density (icorr)

and polarization resistance (Rp)), where icorr is calculated by ex-

trapolation, Ecorr is obtained by electrochemical workstation analy-

sis software, and Rp is calculated by Eq. 1 [35].

RP = βaβc

2.303
(
βa + βc

)
icorr

(1)
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Fig. 3. Electrochemical impedance spectra (EIS) results of the bare Mg alloy, SHS and SLIPS coating. (a) Nyquist plots, (b) Bode-module plots, (c) Bode-phase plots. Long-term

anti-corrosion properties of SLIPS. (d-f) Nyquist plots, Bode-module plots, and Bode-phase plots after 2 h, 48 h, 72 h and 120 h immersion in 3.5 wt% NaCl solution.

The βa and βc in the equation respectively refer to the anodic

and cathodic Tafel slopes. The 2.303 is a constant.

The Ecorr of bare Mg alloy is −1.47 V and the icorr is 1.09 × 10−4

A/cm2. The SHS obtained by uniformly spraying MHPS/h-BN-OH

composite material modified with silane coupling agent on the

bare Mg alloy surface by spraying method which has Ecorr of

−1.46 V and icorr of 1.40 × 10−5 A/cm2. Then, after the silicone

oil is infused in the SHS coating to form SLIPS with an Ecorr of

−1.81 V and icorr of 9.20 × 10−6 A/cm2. It is known from the prin-

ciple of metal corrosion electrochemistry that although Ecorr cannot

be used to evaluate the corrosion resistance of a coating, it can il-

lustrate the corrosion thermodynamic tendency of a coating. Gen-

erally, the larger the Ecorr value, the lower the corrosion thermo-

dynamic tendency of the coating. However, the Ecorr of the SLIPS

was moved to lower direction (more negative) indicating that the

cathodic reaction responsible for causing corrosion of the metal

is inhibited, or the inhibition of the cathodic reaction is greater

than the anodic reaction. Generally speaking, the lower icorr value

means the lower the corrosion rate of the coating and better cor-

rosion resistance [36]. The icorr of SLIPS is 2 orders of magnitude

lower than that of the bare Mg alloy because the silicone oil is

locked in the SHS, which indicates that SLIPS has favorable corro-

sion resistance. At the same time, the Rp is also an important indi-

cator to evaluate the corrosion resistance of the coating. The larger

the Rp value, the better the corrosion resistance of the coating. The

Rp value of SLIPS coating is significantly higher than bare Mg alloy

and SHS. To sum up, SLIPS coating can effectively protect Mg alloy

from corrosion.

In order to better illustrate the corrosion resistance of the SLIPS,

the EIS results were adopted to further analyze for different coat-

ings. In general, the larger the radius of the capacitive circle in the

Nyquist plot indicates the better corrosion resistance of the sample

[37]. The Nyquist plots of original Mg alloy presents two distinct

capacitive loops, including a capacitive loop in the high frequency

region indicating charge transfer and an inductive loop in the low

frequency region corresponding to matter transfer (Fig. S12 in Sup-

porting information). As demonstrated in Fig. 3a, the presence of

an inductive loop indicates the dissolution of the Mg alloy in a 3.5

wt% NaCl solution and the transfer of material which mean severe

corrosion of the Mg alloy occurred. After 2 h of immersion in a

3.5 wt% NaCl solution, the impedance of SHS increased by 3 orders

of magnitude compared to bare Mg alloy as MHPS/h-BN-OH was

uniformly sprayed on the Mg alloy.

The insertion of MHPS into the h-BN allows the h-BN to peel

off and thus form a unique labyrinth structure which prolongs

the attack path of corrosive ions on the Mg alloy. In addition, the

impedance of the SLIPS is increased by 4 orders of magnitude com-

pared to bare Mg alloy, reaching 1.2 × 105 Ω cm2, which is due to

the dense coating made possible by the silicone oil injected into

the rough porous structure of the SHS. In the EIS results, Bode-

module plots and Bode-phase plots can equally be used to charac-

terizes the corrosion resistance of a coating. In the Bode-module

plots, the impedance in the high frequency region is often related

to the denseness of the coating, while the impedance in the low

frequency region is related to the corrosion resistance of the coat-

ing. As shown in Figs. 3b and c, the impedance modulus (|Z|0.01 Hz)

of SLIPS is significantly greater than bare Mg alloy and SHS at the

low frequency region, indicating that the SLIPS coating can block

corrosive ions to a large extent and has excellent anti-corrosion

properties. And the Bode-phase plots shows that the phase angle

value of the SLIPS layer at the high frequency region is much larger

than that of bare Mg alloy. In summary, the reason for the excel-

lent corrosion resistance of the SLIPS is on the one hand due to

the excellent corrosion resistance of h-BN-OH and MHPS as raw

materials for the coating preparation and on the other hand the

formation of the silicone oil film further improves the isolation

properties of the coating and greatly prevents the damage of the

corrosive ions to the Mg alloy. Therefore, the SLIPS provides high

resistance to corrosive media through the synergistic effect of the

MHPS/h-BN-OH composite and the silicone oil layer. In practical

production and life, there are stringent requirements for the long-

term corrosion resistance of metal anti-corrosion coatings. Con-

sequently, the long-term corrosion resistance of SLIPS in 3.5 wt%

NaCl solution was characterized by EIS as shown in Figs. 3d–f. It

is evident from Fig. 3d that the capacitive arc of the SLIPS coat-

ing gradually decreases as the immersion time increases. The grad-
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Fig. 4. (a) Corrosion mechanism of bare Mg alloy. (b) Anti-corrosion mechanism of

SLIPS.

ual decrease in the radius of the capacitance arc demonstrates that

with increasing immersion time, corrosive ions gradually penetrate

the SLIPS coating resulting in a deterioration of the physical bar-

rier properties and a weakening of the anti-corrosion performance.

However, the impedance value of SLIPS was 2 × 104 Ω cm2 af-

ter an immersion time of up to 120 h, which was still three or-

ders of magnitude higher than the initial blank sample. Moreover,

the bode-module plots and bode-phase plots of the SLIPS coat-

ing is shown in Figs. 3e and f. The bode-module plots show that

the |Z|0.01 Hz of the SLIPS changed slightly after 48 h of immer-

sion, which indicates that the corrosion protection properties of

the coating remained unchanged after 48 h of immersion in the 3.5

wt% NaCl solution compared to the initial immersion, and the sili-

cone oil layer of SLIPS was undamaged and could still prevent the

penetration of corrosive media to a large extent. The |Z|0.01 Hz de-

creased with increasing immersion time. However, even after 120

h of immersion, the impedance modulus in the low frequency re-

gion of the SLIPS is still much higher than that of the bare Mg

alloy. The Bode-phase plots show that the maximum phase angle

after 120 h immersion is approximately the same as at the begin-

ning of the immersion, demonstrating excellent long-term corro-

sion resistance. The decrease in phase angle after 72 h immersion

may be due to the difficulty in controlling the pore size formed

after the insertion of MHPS in the h-BN-OH, which forms a rel-

atively large pore size and leads to a serious loss of silicone oil

during the long-term immersion. Besides, the peaks appear in the

mid-frequency region indicate that corrosive ions start to penetrate

inside the coating as the immersion time increases. The EIS re-

sults of SLIPS immersed in a 3.5 wt% NaCl solution for 2–120 h

demonstrate that the coating has good long-term corrosion resis-

tance. The schematic diagram of the corrosion mechanism of bare

Mg alloy and the corrosion protection mechanism of SLIPS are il-

lustrated in Fig. 4. As shown in Fig. 4a, the bare Mg alloy corrodes

in direct contact with corrosive substances such as Na+, H2O, Cl
−

and bacterial micro-organisms in a seawater environment. After

the Mg alloy has been covered by the SLIPS coating, the mecha-

nism of corrosion protection with the SLIPS coating are mainly as

follows. Firstly, the silicone oil is locked in the porous structure of

the surface forms a dense silicone oil layer that blocks the entry

of corrosive media and the adhesion of microorganisms. Secondly,

the complex layer stacking structure of MHPS/h-BN-OH lengthens

the attack path of corrosive media after penetrating the silicone oil

layer Fig. 4b. Combining the above two aspects, the SLIPS exhibits

excellent corrosion protection for Mg alloy. Meanwhile, a compre-

hensive comparison with recently reported literature on SLIPS with

anti-corrosion properties has been conducted as listed in Table S2

(Supporting information).

To sum up, the method of h-BN exfoliation by polymer interca-

lation differs from the traditional physical exfoliation method. The

polymer intercalation method greatly reduces the exfoliation diffi-

culty of h-BN and increases the pore structure of the composite.

Furthermore, the PPy, h-BN and silicone lubricants were selected

to successfully fabricate SLIPS with excellent mechanical proper-

ties, anti-contaminant, anti-icing, and long-term corrosion resis-

tance on magnesium alloys by a simple spraying method and con-

ventional liquid infusion. Electrochemical test results showed that

the icorr of the SLIPS was reduced from 1.09 × 10−4 A/cm2 to

9.20 × 10−6 A/cm2, which is a reduction of nearly three orders

of magnitude. More importantly, the SLIPS exhibited outstanding

corrosion protection against the Mg alloy even after immersion in

3.5 wt% NaCl solution for up to 120 h. Furthermore, the SHS main-

tained a unique superhydrophobicity with a WCA greater than 150°
after 50 sandpaper friction cycles exhibiting outstanding mechan-

ical properties. The dense silicone oil layer on the surface of the

SLIPS coating not only effectively avoids the adhesion of microor-

ganisms, but also inhibits the intrusion of corrosive media in syn-

ergy with the underlying composite material. The environmentally

friendly SLIPS are expected to play an important role in the field

of metal corrosion protection.
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