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Abstract 

In this study, femtosecond pulsed laser processing was applied to the magnesium alloy, followed by in situ growth of Mg-Al layered double 
hydroxides (LDHs), and finally modification with low surface energy materials to prepare a biomimetic of centipede-like superhydropho- 
bic composite coating. The resulting biomimetic coating features a dual-scale structure, comprising a micron-scale laser-etched array and 
nano-scale LDH sheets, which together create a complex hierarchical architecture. The multistage bionic superhydrophobic coating exhibits 
exceptional corrosion resistance, with a reduction in corrosion current density by approximately five orders of magnitude compared to the 
bare magnesium alloy substrate. This remarkable corrosion resistance is attributed to the synergistic effects of the superhydrophobicity with a 
contact angle (CA) of 154.60 °, the densification of the surface LDH nanosheets, and the NO3 

- exchange capacity. Additionally, compared to 
untreated AZ91D alloy, the biomimetic coating prolongs ice formation time by 250% at -40 °C and withstands multiple cycles of sandpaper 
abrasion and repeated tape peeling tests. Furthermore, it demonstrates excellent self-cleaning and anti-fouling properties, as confirmed by 
dye immersion and dust contamination tests. The construction of the multi-level bionic structured coating not only holds significant practical 
potential for metal protection but also provides valuable insights into the application of formed LDH materials in functional bionic coating 
engineering. 
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The rapid development of marine equipment puts for-
ard higher and higher requirements for lightweight mate-

ials and materials adapted to extreme environments. Mag-
esium (Mg) alloys exhibit several desirable properties, in-
luding low density, high specific strength, excellent biocom-
atibility, and effective electromagnetic shielding [ 1 ]. These
haracteristics make them promising metal structural mate-
ials for a range of applications in the automotive industry,
iomedicine, aerospace, and electronics [ 2 , 3 ]. With the im-
lementation of maritime power strategies, the marine atmo-
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pheric environment has become one of the key service en-
ironments for advanced Mg alloy materials and their struc-
ural components [ 4 ]. However, Mg alloys are highly reactive,
orming an unstable Mg(OH)2 layer when exposed to water,
hich compromises their corrosion resistance and limits their
se in demanding conditions [ 5 , 6 ]. Addressing this corrosion
ssue is critical to expanding the applications of Mg alloys,
articularly in marine and other extreme environments [ 7 ]. 

Up to now, various approaches have been employed to
nhance the corrosion resistance of Mg alloys, mainly en-
ompassing two categories: metallurgical methods and sur-
ace protection techniques. The first category of metallurgi-
al methods usually bases on purification of Mg alloys [ 8 ],
omogenization of microstructure and composition, and al-
oying, etc. [ 6 ]. Nevertheless, these approaches demonstrate
imited success in the prevention of galvanic corrosion [ 9 ].
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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hile the second category generally refers to surface protec-
ion techniques, including electroplating, spraying [ 10 ], chem-
cal conversion coatings [ 11 ], micro-arc oxidation [ 12 , 13 ], etc.
hese methods, however, need to be complemented with anti-

ouling and anti-icing capabilities to meet the specific de-
ands of marine and extreme environments [ 14 ]. 
Superhydrophobic modification offers a promising solu-

ion to overcome these limitations by combining corrosion
rotection with other functional characteristics. The proper-
ies of superhydrophobic materials have been the subject of
onsiderable research in recent years, particularly in the con-
ext of biomimetic surface structures [ 15 ]. The fabrication of
uperhydrophobic coatings on magnesium alloy surfaces can
ffectively isolate corrosive media from the metal substrate,
hereby significantly enhancing the protective performance of
he magnesium alloy [ 16 ]. Furthermore, such superhydropho-
ic surfaces can endow magnesium alloys with multifunc-
ional properties, including self-cleaning [ 17 , 18 ], antimicro-
ial properties [ 19 ], anti-icing capabilities [ 20 , 21 ], drag re-
uction [ 22 , 23 ], and enhanced mechanical robustness [ 24 ].
ulsed laser processing offers diversified merits such as high
fficiency, simplicity, precision, and versatility, making it suit-
ble for the fabrication of complex micro- and nanostruc-
ures [ 25 , 26 ]. Jiang et al. [ 27 ] developed a novel superhy-
rophobic F-L@KHSiO2 /OTMS coating through femtosecond
aser etching, spraying, and chemical modification. This coat-
ng exhibited excellent superhydrophobic properties, with a
ontact angle of 165.92 ° and an ice delay time of 730 s at
20 °C, highlighting its potential for applications in efficient

nti-icing, deicing, and defrosting. Zhou et al. [ 28 ] employed
aser techniques to construct biomimetic honeycomb and mi-
ropillar arrays, enabling the bionic surface to achieve high-
fficiency anti-icing and deicing under low-temperature condi-
ions. The bionic surface maintained superior ice-delay perfor-
ance at -15 °C, while resisting severe mechanical damage

rom abrasive objects. Pan et al. [ 29 ] fabricated a tri-scale
uperhydrophobic surface using laser processing. The sur-
ace consisted of periodic micro-cone arrays, densely grown
anograss, and scattered microflowers. After 10 cycles of
cing and deicing tests, the surface’s ice adhesion strength
emained below 10 kPa. Feng et al. [ 30 ] utilized ultrafast
aser processing to create a bamboo leaf-inspired surface on
 copper substrate. The surface was composed of periodic mi-
ropapillae and microbridge arrays with compact nanoclusters
MLMN) in between. The freezing time of a 15 μL drop of
istilled water on the surface was extended to 921 s, and
reezing of 35% saline solution was delayed to 1110 s. 

In recent years, LDHs coatings are favored in the field of
orrosion protection for Mg alloys due to their easily tunable
omposition and adaptable structure [ 31 ]. Particularly when
DHs are applied as a film layer on the surface of the pro-

ected object, the resulting dense, uniform, and stable LDHs
lm can serve as a physical barrier, effectively isolating the
orrosive media from direct contact with the protected object
 32 ]. However, the porous nature of LDH coatings allows for
he penetration of corrosive agents, compromising their pro-
ective efficacy [ 33 , 34 ]. To extend the service life of LDHs
oatings, it is imperative that additional protective coatings
e employed to seal the pores of LDHs surfaces. The in-
itu prepared LDHs coating can effectively protect the metal
ubstrate [ 35 ]. The bifunctional composite superhydrophobic
nti-corrosion coating consists of a surface layer of LDH pow-
er, a middle layer of Polydimethylsiloxane, and a bottom
ayer of in-situ grown LDH film. The static contact angle of
he composite SHB coating is 155 °. This coating significantly
educed the corrosion current density (Icorr ) to 6.447 × 10–9 

 ·cm2 [ 36 ]. Pillado et al. [ 37 ] synthesized various Zn-Al and
i-Al LDH systems containing Li-, Mo-, and W-based corro-
ion inhibitors. Among these LDHs, the Zn-Al LDH W and
i-Al LDH Li exhibited the highest corrosion resistance, pro-
iding new insights into enhancing the corrosion resistance
f LDHs. Among the numerous varieties of LDHs, the di-
ect preparation of Mg-Al LDHs on Mg alloys offers notable
dvantages [ 38 ]. The Mg-Al LDHs film layer contains ele-
ents that are common to the Mg alloy matrix, which fa-

ilitates the formation of dense Mg-Al LDHs nanosheets on
he alloy surface. Wang et al. [ 16 ] in situ grew Mg-Al LDH
orrosion inhibitors on the surface of AZ31 Mg alloy and
ubsequently sealed them with a superhydrophobic coating,
esulting in an effective anti-corrosion coating. The synergis-
ic effect of molybdates and lauric acid contributed to the im-
roved corrosion resistance of the coating. The water repellent
roperties of superhydrophobic surfaces indicate considerable
otential for the protection of metals from corrosion [ 39 ]. The
onstruction of superhydrophobic coatings on the surface of
DHs can enhance its corrosion protection, and by utiliz-

ng the corrosion resistance properties of superhydrophobic
urfaces, a dual protective composite coating can be formed
n the Mg alloy surface [ 14 ]. Under superhydrophobic con-
itions, binary hierarchies that combine both scales perform
etter in most cases. 

In this study, inspired by the self-cleaning properties of
icro and nano-structure surface of centipede body, a multi-

tage bionic superhydrophobic composite coating based on
Z91D magnesium alloy was constructed by femtosecond
ulsed laser processing, in-situ growth and low surface energy
aterial modification. The surface micron-level topography

an be adjusted by changing the etching process parameters,
o obtain different hydrophobic properties and achieve con-
rollable preparation of surfaces with different wetting states.
he resulting bionic coating exhibits excellent corrosion resis-

ance, self-cleaning, anti-icing, and anti-fouling performance,
ffering a promising solution for enhancing the longevity and
unctionality of Mg alloys in marine and extreme environ-
ental applications. 

. Experimental procedures 

.1. Materials 

Commercial casting AZ91D Mg alloy was purchased
rom Dongguan Kuangyu Metal Co., LTD. Al(NO3 )3 ·9H2 O
 > 99.5%), NaOH ( > 99.5%), 1H, 1H, 2H, 2H-Tridecafluoro-
-octyltriethoxysilane (PFOTES) were all purchased from
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hanghai Macklin Biochemical Technology Co., Ltd. NaNO3 

as obtained from China National Pharmaceutical Group
hemical Reagent Co., Ltd. Deionized water acted as solvent

n this study. 

.2. Experimental methods 

.2.1. Femtosecond laser primary structure design 

The AZ91D substrate was initially polished using 800 #,
200 #, and 1500 # silicon carbide papers to remove con-
aminants and the natural oxide layer. The samples were then
ubjected to ultrasonic cleaning in alcohol and deionized wa-
er, followed by rapid air-drying at 20 °C room temperature
sing the cool air setting of a blow dryer. Femtosecond laser
rocessing was performed using a laser with a central wave-
ength of 1030 nm, pulse width of 350 fs, and repetition rate
f 400 kHz. On the polished surface, the scanning speed was
et to 1000 mm/s with a pump current of 80% (corresponding
o an output power of 1.2 W). Cross-line scanning was carried
ut with different line spacings of 20, 30, and 40 μm at 90
ngles. All laser processing was performed in an argon atmo-
phere to minimize secondary oxidation, reduce magnesium
ombustion risk, and control sparking and spattering during
reatment. After laser treatment, the samples were ultrasoni-
ally cleaned in deionized water for 10 min for further use
denoted as “Laser”). This process resulted in the formation
f a primary biomimetic structure. 

.2.2. In situ growth of LDH secondary structure 
The Al(NO3 )3 ·9H2 O (0.02 mol) and NaNO3 (0.01 mol)

ere continuously stirred and dissolved in deionized water.
he solution was magnetically stirred, and the pH was ad-

usted to 11 by gradually adding 4.0 M NaOH solution. The
aser-etched samples were then vertically placed in a stainless
teel autoclave containing the mixed solution and subjected to
ydrothermal treatment at 120 °C for 14 hours to promote the
n situ synthesis of the Mg-Al LDH coating. Subsequently, the
amples were washed with deionized water and dried (denoted
s “LMAL”). 

.2.3. Preparation of superhydrophobic surface of bionic 
tructure 

LMAL was soaked in an alcohol solution of 1.0 vol.%
FOTES for 2 h, and then dried in an oven at 120 °C for 2 h
denoted as “LMALP”). 

.3. Characterization 

An X-ray diffractometer (XRD, Bruker D8 ADVANCE,
canning at 4 °/min) was used to characterize the phase com-
osition of the samples with a Cu Kα radiation source. The
hemical structures were characterized by Fourier transforma-
ion infrared spectrometry (FT-IR, Thermo Scientific Nicolet
S5, USA, 400–4000 cm-1 ). The microscopic morphology of
he samples was observed on a ZEISS-Gemini SEM300 field
mission scanning electron microscope. The element distribu-
ion was analyzed using the attached energy dispersive spec-
rometer (EDS) spectrometer. Confocal laser scanning micro-
cope (CLSM, VK-X250) used to observe the surface rough-
ess. X-ray photoelectron spectroscopy (XPS, Thermo Scien-
ific K-Alpha) recorded the surface chemical composition of
he prepared samples. The static water contact angle (WCA)
f the superhydrophobic coating was measured by a contact
ngle measuring instrument (datphysics OCA25, Germany). 

.4. Performance of coating 

Sandpaper wear method (100 g weight, 1500 # SiC sand-
aper) was used to evaluate the mechanical wear resistance
f the coating. The coating was placed in a refrigerator at
40 °C, then an equal amount of deionized water was added,
nd the camera captured footage of the liquid freezing.
o investigate the corrosion resistance of different samples

n 3.5 wt.% NaCl solution, Tafel polarization curves and
lectrochemical impedance spectroscopy (EIS) were mea-
ured in a three-electrode system using the Gamry electro-
hemical workstation (Gamry Reference 600 + , USA) with
rameworkTM software version 7.8.2.7430. A conventional

hree-electrode system (exposed area of different coated sam-
les is 1 cm2 , actual test area is 1 cm2 , saturated calomel
lectrode (SCE, 0.242 V vs standard hydrogen electrode) as
he reference electrode, platinum sheet (20 mm × 20 mm)
s the reverse electrode) was used to monitor the corrosion
esistance of the composite coating. The samples were im-
ersed in 3.5 wt.% NaCl solution for 30 min and then tested

y electrochemical impedance spectroscopy (EIS) with a fre-
uency range of 10–2 –105 Hz and an AC voltage of 20 mV.
ll EIS measurements were performed three times to ensure

epeatability. The obtained impedance data were analyzed us-
ng Gamry Echem Analyst software with appropriate equiva-
ent circuit modeling. The Tafel polarization curve was mea-
ured at a scan rate of 2 mV/s at ±250 mV open circuit po-
ential (OCP). Corrosion potential and corrosion current are
xtrapolated from the cathode and anode regions of the Tafel
iagram. 

. Results and discussion 

.1. Structure characterization 

The XRD patterns of different film layers are shown in
ig. 2 a. After laser treatment, the peak strength of Mg showed
 significant increase trend, which may be attributed to the
hange of the preferred orientation plane in AZ91D after laser
rocessing due to the higher solidification rate, grain refine-
ent and nanostructure formation [ 40 ], the XRD diffraction

eak of Mg is sharper. The typical crystal-plane diffraction
eaks of LMAL appear at 11.5 ° and 23.2 °, corresponding to
he (003) and (006) planes [ 41 ], respectively. This result is
onsistent with the published values for LDH coatings, indi-
ating that the LDH was successfully synthesized on the Mg
lloy surface after laser treatment. Additional characteristic



3692 L. Dai, H. Cui, X. Chen et al. / Journal of Magnesium and Alloys 13 (2025) 3689–3701 

Fig. 1. Schematic diagram of the preparation of the LMALP film layer. 
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structure. 
eaks at 18.5 °, 38.1 °, 58.7 °, and 62.0 ° correspond to the by-
roduct Mg(OH)2 , which is formed through the in-situ growth
f LDH. After deposition of LDH, part of the Mg diffraction
eak is attenuated, and part of the Mg signal is shielded by
he orientation of the LDH sheets. 

The FT-IR spectra of Laser, LMAL, and LMALP are
hown in the Fig. 2 b. The absorption peaks at 3686 cm-1 

nd 3430 cm-1 are attributed to the stretching vibrations of
–O–H and the symmetric contraction of O–H, respectively.
he absorption peak observed at 1599 cm-1 corresponds to

he bending vibration of water molecules, indicating the pres-
nce of absorbed water and interlayer water on the coat-
ng surface. An absorption peak at 1358 cm-1 , observed in
he LMAL spectrum, is attributed to the stretching vibration
f NO3 

- within the LDH interlayer, confirming the success-
ul synthesis of Mg-Al LDH [ 42 ]. In the 2600–3000 cm-1 

ange, weaker peaks are observed, prompting an expansion
f this range to acquire more detailed data. For LMALP,
bsorption peaks at 2980 cm-1 and 2925 cm-1 are assigned
o the asymmetric and symmetric stretching vibrations of -
H2 , while peaks at 1087 cm-1 and 1189 cm-1 are attributed

o the Si-O and C-F bonds [ 43 ]. These observations con-
rm the successful modification of the LDH surface with
FOTES. 

Fig. 3 shows the scanning electron microscope (SEM) im-
ges of Laser with laser-controlled scan line spacing of 20 μm
nd LMALP. After laser treatment, the surface of the Mg ma-
rix is replaced by regular micron-scale columnar structures
 Fig. 3 a). The high-power morphology of the columnar struc-
ure is shown in Fig. 3 a 1 and a2 , where some protrusions and
eep pits can be seen on the surface. Fig. 3 b and b1 shows
he morphology of LMALP. It can be seen that the surface
f the substrate after laser treatment has been successfully
overed by a dense LDH film layer. A large number of LDH
anosheets can be seen in Fig. 3 b 2 , and the pits have been
lled with LDH sheets, forming a more complex and com-
act surface micron/nanometer scale structure, which is very
mportant for the super hydrophobic properties. 

Fig. 4 a shows the SEM and EDS images of LMALP. It
an be seen that Mg and Al are enriched on the surface of
DH, and the appearance of a large number of O elements is
ainly due to the formation of LDH and fluorosilane films.
he formed LDH not only fills the deep pits, but also pre-
ents the direct contact between the substrate and the cor-
osive medium, which plays an important protective role for
he Mg alloy. The appearance of C, Si and F elements also
emonstrates the successful formation of fluorosilane films
n the surface. Fig. 4 b-d shows the 3D roughness distribu-
ion of different samples under laser confocal microscopy.
ue to femtosecond laser etching, the surface roughness of

he laser is 3.715 μm, forming a micro-island structure. In
ddition, the surface roughness of LMAL and LMALP is as
igh as 4.238 μm and 4.347 μm, respectively, indicating that
he LDH nanosheets grown on Mg matrix by hydrothermal
eaction contribute to the improvement of roughness. 

Due to the arbitrary orientation of nanosheets growing
n the Mg alloy substrate, only cross-sections of hexagonal
anosheets were observed in Fig. 5 a. The TEM analysis fur-
her revealed that Mg-Al LDH formed in situ on the surface
f the magnesium alloy. EDS analysis shows that the LDH
anosheets are predominantly composed of Mg, Al, N, and
 elements ( Fig. 5 b), which is consistent with the expected

omposition of Mg-Al LDH. Furthermore, the distribution of
 and Si elements on the surface of the nanosheets, as indi-
ated by the EDS mappings, confirms the successful modifi-
ation of the LDH surface with PFOTES. 

The composition of Laser, LMAL, and LMALP was mea-
ured by XPS, with the measurement spectra shown in
ig. 6 a. Compared to Laser, the N 1s signal originates
rom the in situ grown LDH coating. The Si 2p and F
s signs are attributed to PFOTES. The high-resolution C
s spectrum of LMALP exhibits two prominent peaks at
91.78 eV and 294.11 eV ( Fig. 6 b), corresponding to the
-F2 and C-F3 groups, respectively. Additionally, peaks at
85.28 eV and 284.38 eV are attributed to the C–O and C–C
onds. The N 1s peaks, observed 400.48 eV, is attributed
o the N–O bonds in the LDH ( Fig. 6 c). The Si 2p peaks
 Fig. 6 d), detected at 102.16 eV, corresponds to the Si-O
onds in PFOTES [ 38 ]. The F 1s peak in Fig. 6 e, observed
t 689.06 eV, is assigned to the F-C bonds in PFOTES, in
greement with the interpretation of the C 1s peaks in Fig. 6 b.
hese results confirm the successful modification of the low
urface energy material on the surface of the biomimetic
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Fig. 2. (a) XRD spectra and (b) FT-IR diagram of different samples. 

Fig. 3. SEM images of (a-a2 ) Laser, and (b-b2 ) LMALP. 

Fig. 4. (a) SEM and (a1 -a8 ) EDS spectra of LMALP. The surface morphology and roughness of (b) Laser, (c) LMAL and (d) LMALP measured by CLSM. 
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.2. Evaluation of wettability 

The wettability of the material mainly depends on its sur-
ace microstructure and surface chemical composition. The
urface wettability of different coatings is evaluated by WCA
est, as shown in Fig. 7 . The contact angles of LMAL and
MALP in the primary structure are given when the femtosec-
nd laser scanning line spacing is 20 μm, 30 μm and 40 μm
 Fig. 7 a-f), respectively. The contact angle of LMALP film
ayer with 20 μm thickness is the largest, indicating that the
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Fig. 5. (a) TEM image and (b-b6 ) EDS mappings of LMALP. 

Fig. 6. XPS survey spectra of (a) Laser, LMAL and LMALP. High-resolution XPS spectra and fitting results of (b) C 1s, (c) N 1s, (d) Si 2p and (e) F 1s for 
LAMLP. 

Fig. 7. WCA of LMAL with line spacing of (a) 20 μm, (b) 30 μm, and (c) 40 μm. WCA of LMALP with line spacing of (d) 20 μm, (e) 30 μm, and (f) 
40 μm. (g) Rolling behavior of water droplet on LMALP. (h) WCA of different samples. 
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egular micro-nano convex structure after femtosecond laser
rocessing affects the hydrophobicity of the final prepared
omposite film layer. In addition, the dynamic behavior of
ater droplets on the specimen surface was also discussed.
s shown in Fig. 7g , when the tilting table is slowly tilted to
.1 °, water droplets can quickly roll off its surface, indicating
hat the LMALP coating has excellent hydrophobicity. 
Fig. 7 h presents the water contact angles of various coat-
ngs. Compared to bare magnesium alloy, the water contact
ngle of the Laser surface is less than 3 °, indicating a tran-
ition to superhydrophilicity. This behavior arises from the
igh-energy femtosecond laser beam, which oxidizes the mag-
esium alloy surface, thereby increasing the surface energy of
he newly formed material. As a result, the surface exhibits
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Fig. 8. (a, b) droplet bounce experiment of LMALP film layer. (c) Photos of a droplet leaving behavior after being dragged laterally and (d) squeezed 
longitudinally. 
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ydrophilic and superhydrophilic characteristics. LDH is hy-
rophilic, but the contact angle of the LMAL coating reaches
37.57 °, indicating that the gas chamber formed by the micro-
ano structure resists part of the hydrophilicity of LDH itself,
aking the coating hydrophobic. The LMALP film layer has
 contact angle of 154.60 °, and works in the same way as
he lotus leaf due to its unique micro/nano layered structure
nd low surface energy coating. When the liquid comes into
ontact with a rough, super-hydrophobic surface, it is unable
o fully penetrate into the surface texture, but instead forms
n uneven wetted state of a composite interface consisting
f solid, liquid and air. The surface energy is calculated by
sing the polar substance water and the non-polar substance
iiodomethane according to the Owens and Winter formula
 44 ]. The surface free energy of AZ91D is 40.38 mJ/m2 , and
he surface free energy can be reduced to 7.8 mJ/m2 after
MALP coating. The results show that LMALP coating has

ow surface energy and excellent superhydrophobicity. 
The superhydrophobic surface can exhibit the phenomenon

f small droplets bouncing due to the difficulty in convert-
ng the kinetic energy of the droplets into the internal en-
rgy of the superhydrophobic coating. Additionally, the sur-
ace tension of superhydrophobic coatings is typically low.

hen a droplet impacts the surface of a superhydrophobic
oating at low temperatures, it bounces off the surface before
ce nucleation can occur, thereby slowing down the process
f supercooling transfer at the interface and effectively pre-
enting ice formation on the surface [ 45 ]. To further investi-
ate the dynamic process of droplet adhesion, the impact of
roplets on the coating was recorded. As shown in Fig. 8 a,
ater droplets (10 μL) released from a height of 1 cm ex-
ibit three rebound cycles on the coating surface. The solid-
iquid contact time during the first impact-rebound cycle is
easured to be 27.9 ms. Fig. 8 b illustrates the first droplet

mpact, where the droplet exhibits significant rebound after
ontacting the LMALP coating, fully detaching from the sur-
ace at 47.3 ms and subsequently shrinking into a pancake-
ike shape. This demonstrates that the LMALP coating pos-
esses excellent water-repellent properties, making it highly
uitable for applications in self-cleaning, anti-fouling, and re-
ated fields. Fig. 8 c, d demonstrates the horizontal and verti-
al manipulation of water droplets on the superhydrophobic
oating. In both scenarios, the biomimetic superhydrophobic
urface leaves no residual liquid, and the droplets ultimately
etach smoothly. This indicates minimal adhesion between
he droplets and the coating surface, further confirming the
xcellent superhydrophobic properties of the biomimetic sur-
ace. 

.3. Anti-icing property 

The water-repellent properties of superhydrophobic sur-
aces are primarily attributed to their exceptionally low con-
act angle hysteresis, which facilitates droplet retraction and
ebound, thereby reducing surface contact time. This mech-
nism can be leveraged to mitigate icing by minimizing the
nteraction between water droplets and the substrate. To as-
ess the anti-icing performance of the biomimetic superhy-
rophobic surface, static anti-icing tests were conducted on
Z91D Mg alloy and LMALP composite films at an ambi-

nt temperature of -40 °C, as illustrated in Fig. 9 a and b.
nitially, the droplet surface is transparent. With heat trans-
er progressed, the droplet began to freeze from the bottom
pward. On the LMALP coating, it took approximately 59 s
or the droplet’s outer edges, in direct contact with the en-
ironment, to completely freeze into frost. Subsequently, the
reezing front expanded inward from the frosted periphery,
ulminating in the formation of a fully frozen droplet at
12 s. In contrast, ice crystals formed on the bare Mg alloy
ithin 46 s, demonstrating the superior anti-icing performance
f the LMALP composite film compared to the untreated
ubstrate. 

In the process of droplet freezing, the formation rate of
ce crystals is the nucleation rate of the droplet. The delayed
reezing observed with LMALP coatings can be explained by
hermodynamic principles. 

 = JO 

exp
(−�GKB 

−1 T −1 
)

(1) 

Where J is the nucleation rate, J0 is the Boltzmann con-
tant, T is the surface temperature, �G is the free energy
arrier of heterogeneous nuclei, which can be defined as: 

G = 16 πσsv 
3 

3�G f ,v 
f ( θ ) (2) 

f ( θ ) = 1 

4 

( 2 + cosθ ) (1 − cosθ ) 2 (3) 

Where σ sv is the surface energy of the solid-gas interface,
Gf,v is the difference in volume free energy between ice and
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Fig. 9. Static anti-icing performance of a single droplet on (a) AZ91D and (b) LMALP. 

Fig. 10. (a) AZ91D, (b) LMALP antifouling performance test. (c) Self-cleaning effect, (d) water flow reflection, and (e) water flow resistance of LMALP. The 
appearance of the superhydrophobic surface being immersed and removed from the (f) methylene blue, (g) rhodamine B, and (h) muddy water. The contact 
angle of LMALP (i) exposed to air and (j) immersed in muddy water for 20 days. 
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iquid, and θ is the contact angle. When the θ of the LMALP
oating surface is greater than 150 °, the gas/solid interface of
olid water droplets greatly reduces the actual contact area,
elays the interfacial heat transfer, causes the value of f( θ )
nd �G to increase, reduces the nucleation rate of ice, and
mpedes the growth and propagation of ice crystals [ 46 ]. 

.4. Self-cleaning and anti-fouling properties 

As shown in Fig. 10 a, for the exposed surface of AZ91D
g, dust particles adhere a long with the water droplets, and

he dust cannot be removed. On the LMALP coated surface
 Fig. 10 b), however, the dust is rapidly removed with the
ater droplets, leaving no residue behind. This effect results

rom the extremely low sliding angle of the superhydrophobic
urface, which causes the adhesive force between the water
roplets and the dust particles to be significantly higher than
hat between the superhydrophobic surface and the dust parti-
les. Consequently, the water droplets effectively bind to the
ust particles and remove them, keeping the surface clean.
ig. 10 c illustrates the adhesion behavior of water droplets on

he LMALP surface. When water droplets are dripped onto
he surface, which is tilted at an angle of less than 10, the
roplets do not adhere to the surface and instead roll off. In
ddition, the composite coating exhibits a strong ability to
epel water flow. Despite the influence of high-speed water
ow, the superhydrophobic surface maintains a stable Cassie-
axter state [ 47 ], as shown in Fig. 10 d and e. The storage

tability of LMALP was tested by exposing it to air for 20
ays. Changes in CA with storage time were detected, as
hown in Fig. 10 i. The results show that the CA of the su-
erhydrophobic coating surface is greater than 153 °, and the
ontact Angle of LMALP in the air does not change. Fig. 10 j
hows the CA changes of the superhydrophobic material with
rolonged immersion in sewage. The results showed that CA
ecreased slightly with the extension of soaking time. After
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Fig. 11. (a, b) Sandpaper wear cycle test. (c) Tape stripping test. (d, e) SEM image of LMALP film layer after sandpaper wear. (f) Laser confocal image of 
the LMALP film layer after sandpaper wear. 
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Table 1 
Polarization curves analyses of different samples in 3.5% NaCl solution for 
30 min. 

Sample Ecorr (V/SCE) icorr (A/cm2 ) 

AZ91D −1.446 0.899 × 10–3 

Laser −1.486 0.165 × 10–3 

LMAL −1.454 1.007 × 10–5 

LMALP −1.319 1.695 × 10–6 
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oaking for 20 days, CA remained above 150 °. The results
howed that the prepared superhydrophobic material had ex-
ellent long-term anti-fouling ability. 

To further assess the self-cleaning properties of the coat-
ng, methylene blue, rhodamine B, and slurry are selected
s liquid contaminants ( Fig. 10 f-h). During the self-cleaning
est, the LMALP samples are immersed in the various con-
aminants. Upon removal from the contaminated liquid, the
oated films remain completely dry, showing no signs of wet-
ing and demonstrating excellent non-wetting and anti-fouling
roperties. 

.5. Mechanical durability 

The mechanical durability of the coating was evaluated
sing sandpaper abrasion and tape peeling tests. A 100 g
eight was applied to the coating, with 1500 # SiC sandpaper
laced underneath ( Fig. 11 a). Each abrasion cycle involved a
liding distance of 5 cm, repeated for a total of seven cy-
les. The wear resistance results shown in Fig. 11 b indicate a
light decrease in the CAwith the increase in wear distance.

hen the accumulated wear distance exceeded 20 cm, a CA
f less than 150 ° was observed. As shown in Fig. 11 d and
, the microstructural morphology of the worn coating re-
eals that the LDH nanosheets on the surface were abraded,
hich is attributed to surface structural damage caused by

riction. However, the nanosheets within the surface recesses
emained intact, preserving the hydrophobicity. After sand-
aper abrasion, the surface roughness (Sa) of the composite
oating decreased to 4.231 μm ( Fig. 11 f), showing only a
light reduction compared to the unabraded composite coat-
ng. The results of the tape peeling test ( Fig. 11 c) exhibit a
imilar trend to the sandpaper abrasion test. After eight con-
ecutive tape peeling cycles, the contact angle of the coating
emained virtually unchanged, and the rolling angle increased,
ndicating strong adhesion between the LMALP coating and
he magnesium alloy substrate. This finding demonstrates the
oating’s excellent mechanical durability under applied me-
hanical stress while maintaining its hydrophobic properties. 

.6. Anti-corrosion property 

To assess the corrosion resistance of the coatings, the sam-
les were initially immersed in a 3.5 wt.% NaCl solution for
0 min, followed by potentiodynamic polarization and elec-
rochemical impedance spectroscopy (EIS) tests. The polariza-
ion data ( Fig. 12 a) were subsequently analyzed using Tafel
xtrapolation, with the corresponding fitting results presented
n Table 1 . As illustrated in the Fig. 12 a, following the in-situ
ormation of the Mg-Al LDH coating, the corrosion potential
as elevated, and the corrosion current density was reduced
y approximately two orders of magnitude relative to the un-
oated substrate. This substantial enhancement in corrosion
esistance can be attributed to the compact microstructure of
he LDH layer and the exchange of NO3 

- ions with the corro-
ive Cl- species. Upon further modification with PFOTES, the
omposite coating exhibited pronounced superhydrophobicity,
ramatically minimizing the interaction between the corrosive
edia (e.g., Cl- ions) and the substrate surface. The corrosion

otential was increased to −1.319 V, and the corrosion cur-
ent density was reduced by an impressive three orders of
agnitude compared to the bare substrate. 
It is widely acknowledged that a high impedance modulus

|Z|0.01 Hz ) in the low-frequency region and an elevated phase
ngle in the high-frequency region serve as hallmarks of supe-
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Fig. 12. (a) Polarization curves and EIS results of different samples in 3.5 wt.% NaCl solution: (b) Impedance-frequency Bode plots. (c) Phase-frequency 
Bode plots. (d) Nyquist plots and (e) Local magnification of Nyquist plots. (f) Equivalent electric circuit of LMALP. 
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ior corrosion resistance. Fig. 12 b depicts the |Z|0.01 Hz values
or all samples. For the LMAL coating, the observed improve-
ent in corrosion resistance can be attributed to the syner-

istic effects of the LDH layer’s robust physical barrier and
ctive ion-exchange capabilities, resulting in an impedance
alue of 1.9 × 105 �·cm2 . In contrast, the composite LMALP
oating demonstrated a substantially higher impedance, reach-
ng 2.3 × 106 �·cm2 , owing to its hydrophobic properties.
mong the tested samples, the LMALP composite coating

xhibited the highest impedance modulus, underscoring its
xceptional corrosion resistance. Moreover, the phase angle
n the high-frequency region of the Bode plot is a pivotal pa-
ameter for evaluating corrosion resistance. As illustrated in
ig. 12 c, the LMALP composite coating exhibited the largest
hase angle in the high-frequency range, accompanied by a
road plateau. This observation suggests that the penetration
f corrosive ions into the interface between the coating and
he substrate was significantly impeded. 

Nyquist plots presented in Fig. 12 d and e further elucidate
he variations in corrosion performance among the coatings.
ypically, a larger capacitive arc diameter in the Nyquist plot

s indicative of enhanced corrosion resistance. The capacitive
rc diameter of the LMALP coating was significantly greater
han that of other samples. Specifically, the incorporation of
he LDH layer increased the capacitive arc diameter by ap-
roximately two orders of magnitude compared to the bare
agnesium alloy substrate. Furthermore, the LMALP coating

utperformed the LMAL coating, exhibiting a capacitive arc
iameter roughly one order of magnitude larger. The remark-
ble improvement in corrosion resistance can be ascribed to
he synergistic protection mechanisms of the LMALP com-
osite coating. First, the LDH layer serves as a robust and
mpermeable physical barrier, effectively obstructing the infil-
ration of corrosive ions into the substrate. Second, the super-
ydrophobic nature of the LMALP surface, derived from its
ierarchical micro-nanostructure, plays a critical role. Accord-
ng to the Cassie-Baxter theoretical model [ 45 ], air trapped
ithin the surface microstructures drastically reduces the con-

act area between the solid surface and the corrosive liquid.
his air layer significantly diminishes ion exchange and sub-
equent corrosion reactions, thereby markedly enhancing the
rotective efficacy of the coating. 

Fig. 12 f presents the simulated equivalent circuit for the
MALP coating. In this model, Rs and Rct represent the so-

ution resistance and charge transfer resistance, respectively,
hile the constant phase element (CPE) is used to represent

he double-layer capacitance (CPEc ). In the simulation cir-
uit, the coating is represented by Rc , and CPEdl denotes
he capacitance of the coating. The ion exchange occurring
ithin the LDH intermediate layer induces diffusion, which is
odeled using the Warburg diffusion element (W). Generally,
 larger Rct value correlates with improved corrosion resis-
ance of the coating. According to the fitting data presented in
able 2 , the enhanced Rct value is attributed to the blocking
ffect of the LDH surface on certain corrosive ions and the
on exchange occurring within the interlayer. After modifi-
ation with PFOTES, the Rct value increased to 3.53 × 105 

·cm2 . This increase in Rct is consistent with the radius of
he capacitive arc observed in the Nyquist plots. 

.7. Self-healing property 

To further investigate the long-term corrosion resistance of
he composite coating, EIS was conducted on samples im-

ersed in 3.5 wt.% NaCl solution for 0, 1, 4, 8, 12, and
6 days, as shown in Fig. 13 . During the initial 1-day im-
ersion, the impedance arc radius of the coating decreases

ignificantly due to the corrosion of the composite coating by
orrosive ions, resulting in a rapid decline in corrosion resis-
ance. As the immersion time increases, the PFOTES layer
radually deteriorates, leading to a further decrease in the
orrosion resistance of the composite coating, as indicated by
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Table 2 
Fitting results of EIS tests of different samples immersed in 3.5 wt.% NaCl solution for 30 min. 

Sample Rs 

( �·cm2 ) 
Rc 

( �·cm2 ) 
CPEc Rct ( �·cm2 ) CPEdl RL 

( �·cm2 ) 
L (H ·cm2 ) W 

( �−0.5 ·S-1 ·cm2 ) 

Y0 ( �−1 cm2 sn ) n Y0 ( �−1 cm2 sn ) n 

AZ91D 20.69 – – – 988 1.28 × 10–5 0.92 6388 
4.06 × 104 

–

Laser 16.53 – – – 1288 1.51 × 10–5 0.86 9156 
5.13 × 104 

–

LMAL 13.28 1354 6.19 × 10–8 0.59 1.44 × 104 1.02 × 10–7 0.98 – – 7.62 × 10–5 

LMALP 10.00 3.52 × 104 9.38 × 10–9 0.82 3.53 × 105 1.30 × 10–7 0.62 – – 3.39 × 10–6 

Fig. 13. Self-healing properties of LMALP: (a, b) Bode plots and (c) Nyquist plots. 

Fig. 14. The protection mechanism of bionic surface. 
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he progressive reduction in the impedance arc radius. At 8–
2 days, the PFOTES layer completely fails, as evidenced by
he decrease in low-frequency impedance modulus, with the
2-day measurement showing the lowest impedance values.
owever, between 12 and 16 days, an improvement in corro-

ion resistance was observed, with the impedance arc radius
ncreasing. This unexpected enhancement can be attributed
o the ion exchange between Cl- and NO3 

- ions during the
elf-healing process of the LDH layer [ 48 ], which effectively
lows down further corrosion progression despite the com-
lete failure of the original PFOTES coating. 

The protective mechanism of the biomimetic superhy-
rophobic coating can be described by two primary as-
ects. As shown in Fig. 14 , firstly, PFOTES is incorpo-
ated as a surface modifier into the coating. Through hy-
rolysis and condensation reactions of PFOTES, the gen-
rated CF3 (CF2 )5 (CH2 )Si(O- )3 bonds with the Mg-Al LDH
lm. The C-F bonds exhibit strong chemical inertness, and

he resulting molecular layer demonstrates a low surface en-
rgy, which significantly reduces the attraction between the
urface and other molecules. This reduction in adhesion pre-
ents the accumulation of contaminants, such as dust, and hin-
ers the interaction between corrosive ions or molecular oxy-
en and the LDH film. Additionally, inspired by the micro-
anostructured surface of the centipede’s body, which exhibits
ow surface adhesion and enhanced contamination resistance,
he superhydrophobic surface traps a substantial amount of
ir within its hierarchical micro/nanostructures, forming an air
ayer that acts as a physical barrier. This effectively isolates
he corrosive medium from the substrate, thereby endowing
he LMALP coating with exceptional barrier properties, re-
uced contaminant adhesion, and self-cleaning capabilities. 



3700 L. Dai, H. Cui, X. Chen et al. / Journal of Magnesium and Alloys 13 (2025) 3689–3701 

 

s
i  

a  

t  

a  

M  

n  

t  

t  

t  

p

4

 

t  

f  

r  

f

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

d  

f  

t  

p

D

 

t  

s  

i  

o  

s  

t  

t  

o  

r  

d

C

 

t  

i  

F  

t  

M  

e

A

 

S  

t  

Z  

C  

N  

(  

s

S

 

f  

0

R

 

 

 

 

 

 

 

 

 

Secondly, when the composite coating is immersed in NaCl
olution for an extended period, the continuous erosion by Cl- 

ons leads to the failure of the fluorosilane layer, resulting in
 reduction of the coating’s hydrophobicity. This increases
he contact area between the NaCl solution and the coating,
llowing the corrosive media to come into contact with the
g-Al LDH. However, the LDH coating formed on the mag-

esium alloy surface is dense and intact, effectively blocking
he penetration of corrosion ions and prolonging the path for
heir movement. Additionally, the ion-exchange capacity of
he LDH enables it to capture Cl- ions, providing long-term
rotection for the magnesium alloy substrate. 

. Conclusion 

In this study, a bioinspired centipede -like multi-level struc-
ured composite coating is successfully fabricated on the sur-
ace of magnesium alloy to improve its performance in ma-
ine environments. The main conclusions are summarized as
ollows. 

(1) The composite coatings with bioinspired centipede-like
structure created by femtosecond pulse laser and in-situ
grown dense Mg-Al LDH nanosheets, form a complex
micro-/nano-scale morphology, and provede a layer of
air film. This is beneficial to achieving superhydropho-
bicity with a contact angle of 154.60 °. 

(2) The composite coatings demonstrated exceptional cor-
rosion resistance with a reduction in corrosion current
density by approximately five orders of magnitude com-
pared to the bare magnesium alloy substrate, owing to
the synergistic protective effects of dense Mg-Al LDH
nanosheets and the air film. Firstly, the air film acts as
a barrier against the corrosive media infiltration, sec-
ondly the LDH nanosheets captured Cl− ions within
the interlayer channels, and delaying the ion exchange
of corrosive reactions. 

(3) Under extreme conditions at -40 °C, the ice forming
time on the coated surface is extended by 250% com-
pared to the bare magnesium alloy, which highlighting
its potential for applications in cold environments where
delayed icing is crucial. 

(4) The superhydrophobic coating simulates the macro-
scopic surface of the centipede and has excellent self-
cleaning, anti-fouling, and mechanical durability prop-
erties. It performs effectively in dye immersion and
dust contamination experiments and retained its super-
hydrophobicity after 7 cycles of sandpaper abrasion and
8 tape-peeling tests. 

Overall, the bioinspired multiscale structured superhy-
rophobic coating demonstrated outstanding protective and
unctional properties, presenting significant potential for prac-
ical applications in the protection of magnesium alloys, es-
ecially in harsh marine environments. 
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