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ABSTRACT: Layered double hydroxide (LDH) layers have emerged as a promising class of materials in preparing functional
coatings due to their specific anion exchangeability. However, most LDH-based films exhibit micro- and nanoscale pores that are not
conducive enough to block corrosive media penetration. This report demonstrates a corrosion-resistant LDH-based composite
coating with an 8-hydroxyquinoline (8HQ)-sandwiched polyelectrolyte outer film. This polyelectrolyte film is flat and dense,
enabling an effective pore-sealing of the LDH layer on the magnesium alloy and preventing the dissolution and diffusion of inhibitor
into the bulk solution. This strategy is shown to enhance the corrosion protection performance significantly. Electrochemical
measurements, including the scanning vibrating electrode technique (SVET), confirm that the as-prepared composite coating
exhibits very high charge transfer resistance (∼90 MΩ·cm2), extremely low corrosion current density (<1.0 nA cm−2), and superior
self-healing capability. The high-performance corrosion protection is attributed to a combination of the ion-exchange capability of
the LDH phase, corrosion inhibition of the 8HQ inhibitor, intrinsic properties and sealing effect of the polyelectrolyte, and
decreased hydrophilicity. These findings provide insight into highly efficient sealing for porous layers on metal surfaces to achieve
coating with long-term corrosion protection and self-healing capability.
KEYWORDS: magnesium alloy, corrosion, coating, layered double hydroxide, self-healing, inhibitor

1. INTRODUCTION
Compared with other commercial metals, magnesium alloys’
merits of lightweight, high strength, and easy processing enable
them to be widely applied in aerospace, automobile, and other
fields.1 However, the naturally oxidized film on the magnesium
alloy surface is loose and porous. Thus, it cannot provide
adequate corrosion protection.2 Due to this significant
problem, magnesium alloys must be appropriately treated
before practical application.3 Traditional approaches to prevent
magnesium alloys from corrosion include electroless plating,
electroplating, microarc oxidation, chemical conversion film,
laser treatment, and organic coating.4−6 However, typical
protective coating usually exhibits poor durability.7 When
cracks, scratches, and other defects are produced, the coatings
quickly fail, leading to rapid corrosion of the substrate, which is
one of the toughest issues for practical applications.8

The self-healing coating has attracted much attention in
various fields, including the corrosion and protection
community.9−13 Layered double hydroxides (LDHs) are
new-emerged advanced materials in the self-healing coating
field.3,14 They are a class of two-dimemsional (2D) materials in

the anionic clay family featuring brucite-like cationic layers
with an overall positive charge to the nanosheets.15,16 LDHs
have become a hotspot of research in the surface engineering
of magnesium alloys due to their unique structural character-
istics.17 For example, the corrosion inhibitor can be
intercalated into the interlayer gallery of cationic layers during
coating preparation through ion exchange, codeposition, and
other methods.18−20 Upon capturing the corrosive anions,
inhibitors are released, which could endow the coating’s
physical barrier and self-healing functions and enhance the
corrosion resistance. Direct adsorbing 8-hydroxyquinoline
(8HQ), a green corrosion inhibitor, on the surface of the
LDH phase or intercalation of 8HQ into the interlayer gallery
is helpful to enhance the corrosion resistance of the LDH
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film.21 The improved corrosion resistance is attributed to the
combination of 8HQ and Mg2+ to form a stable deposit,
Mg(HQ)2, which covers defects and active sites and slows

down the corrosion of magnesium alloys.22 Similarly, the LDH
film allows for corrosion protection of magnesium alloys after
microarc oxidation treatment with 8HQ and graphene oxide

Scheme 1. Schematic Diagram Showing the Assembly of an Inhibitor-Sandwiched Polyelectrolyte to Seal the Micro/
Nanopores in the LDH Layer to Form a Self-Healing Composite Coating

Figure 1. Surface morphology and composition: (a) schematic diagrams showing the preparation of different coatings. (b−m) SEM images and
EDS spectra. (b−d) LDH, (e−g) PEI/PSS, (h−j) PEI/PSS/8HQ, and (k−m) PEI/PSS/8HQ/PSS/PEI. (n) EDS maps for PEI/PSS/8HQ/PSS/
PEI coating.
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(GO).23 However, when these 8HQ species that were
intercalated into the interlayer gallery or adsorbed onto the
LDH phase’s surface were released, they were directly exposed
to the corrosion medium. Partial 8HQ molecules spread from
the magnesium alloy substrate to the bulk solution, causing
corrosion inhibitor loss and reduced corrosion inhibition
efficiency.24 A GO/8HQ/PDA sandwich structure formed by
reacting of GO and 8HQ, followed by polydopamine (PDA)
polymerization, helps to avoid corrosion inhibitor leakage,
prolongs storage of corrosion inhibitor, and enhances the
corrosion protection ability of epoxy resin-based coatings.25

Good corrosion resistance has been observed in earlier studies
of layer-by-layer (LBL) self-assembly within polyelectrolyte
layers via electrostatic or hydrogen bonding interactions.26,27

For instance, poly(vinylpyrrolidone) (PVP)/poly(acrylic acid)
(PAA) multilayer structure coating on the magnesium alloy
surface obtained by the LBL method shows a dense and
uniform physical barrier layer.28 By covering polyethylenimine
(PEI)/MXene on the surface of the inhibitors-loaded LDH
phase, the physical barrier of the organic layer and the self-
healing capability of the LDH phase present evident
advantages, showing obviously enhanced corrosion protection
for magnesium alloys.29

Despite the progress in exploring different coating
structures, effectively sealing the microscale and nanoscale
pores remains elusive. This paper demonstrates an effective
strategy to construct a highly corrosion-resistant self-healing
coating by inhibitor-sandwiched polyelectrolyte pore-sealing.
The inhibitor-sandwiched multilayer film was assembled on
the surface of an in situ-deposited MgAl-LDH layer using the
LBL method (Scheme 1). The polyelectrolyte film is
structurally engineered in the assembly process to seal the
microscale and nanoscale pores in the LDHs layer and thus
avoid the direct exposure of the inhibitor to the corrosive
electrolyte, thereby reducing the leakage content to the bulk
solution and increasing the inhibition efficiency. The physical
barrier of the polyelectrolyte is also helpful to retard the
penetration of the corrosive medium, thus achieving an
intelligent coating system with long-term and efficient
corrosion protection for magnesium alloys.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. AZ31 magnesium alloy sheet (25

mm × 15 mm × 2.0 mm) contains 2.75 wt % Al, 1.15 wt % Zn, 0.16
wt % Mn, and 95.56 wt % Mg. Polyethylenimine (PEI, Mw = 70,000,
50 wt % aqueous solutions), poly(sodium 4-styrenesulfonate) (PSS,
Mw = ∼700,000), 8HQ (99%), nonahydrate aluminum nitrate
(Al(NO3)3·9H2O, ≥99%), magnesium nitrate hexahydrate (Mg-
(NO3)2·6H2O, ≥99%), and sodium chloride (NaCl, >99%) were
purchased from Aladdin (Shanghai, China). Sodium hydroxide
(NaOH, ≥99.9%), sodium carbonate (Na2CO3, ≥99.8%), and
sodium phosphate (Na3PO4, ≥98.0%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Chengdu, China). All
chemicals were used without further purification. The deionized water
used in all experiments was prepared with a water purification system
(UPT-II-10T, 18.2 MΩ·cm at 25 °C).
2.2. Preparation of the Polyelectrolyte-Sealed LDH Compo-

site Coating. 2.2.1. Pretreatment of Magnesium Alloy. To remove
the oxide and grease, we polished the AZ31 magnesium alloy with
1200# sandpaper, followed by immersing it in an alkaline solution
containing 50 g/L NaOH and 10 g/L Na3PO4 for 10 min,
respectively. Afterward, the alloy sheet was washed with running
deionized water and dried in hot air.
2.2.2. Preparation of the LDH Film. First, a mixed solution

composed of 0.02 mol/L Al(NO3)3·9H2O, 0.06 mol/L Mg(NO3)2·

6H2O, and 0.01 mol/L Na2CO3 was prepared. The solution was
adjusted to a pH value of ∼12.0 by a NaOH solution (5.0 mol/L) and
then poured into a 50 mL Teflon-lined stainless-steel autoclave. After
immersing the pretreated magnesium alloy, the autoclave was sealed
and placed in an oven at 125 °C for 24 h. Lastly, after washing the
sheet with running deionized water and drying it at 65 °C for 24 h,
the obtained sample was labeled as LDH.

2.2.3. Preparation of Polyelectrolyte-Sealed LDH Composite
Coating. The inhibitor-loaded polyelectrolyte layers were assembled
on the LDH surface by sequential immersing in a 2 mg/mL PEI and 2
mg/mL PSS water/ethanol (V/V = 1:1) solution for 10 min at room
temperature, followed by immersing in a 10 wt % 8HQ ethanol
solution for 10 min. Then, the soaking steps in PSS and PEI solutions
were repeated in reverse sequence. The obtained samples are denoted
by PEI/PSS/8HQ/PSS/PEI. PEI/PSS and PEI/PSS/8HQ samples
were also prepared for comparison. For the PEI/PSS sample, the
LDH was soaked in only PEI and PSS solutions. The PSS and PEI
solution was not used after the sample was soaked in the 8HQ
solution to prepare the PEI/PSS/8HQ. A schematic diagram is
illustrated in Figure 1a to show the preparation process of the
different coatings.

2.3. Characterization and Electrochemical Evaluation. The
phase structures of the bare LDH and different polyelectrolyte-sealed
LDH samples were obtained by an X-ray powder diffractometer
(XRD: D8 ADVANCE, Germany). During the XRD characterization,
a Cu target with a scan rate of 5° min−1, scan angle of 5−80°, voltage
of 40 kV, and current of 30 mA was used. Fourier transform infrared
spectroscopy (FT-IR, Nicolet 6700, Thermo Scientific, Waltham,
MA) was used to characterize the chemical groups of different
coatings in the wavenumber range 500−4000 cm−1. The coatings’
elemental composition and chemical state were analyzed by an X-ray
photoelectron spectroscopy (XPS, 250Xi). The acquired XPS data
were calibrated using the binding energy of adventitious carbon (C 1s:
284.8 eV) and then fitted with XPSPeak software. A scanning electron
microscope (SEM, Hitachi SU8020) coupling with an energy
dispersive spectrometer (EDS) was used to observe the different
coatings’ surface morphology and elemental distribution. The
wettability of the sample was evaluated by measuring the static
contact angle (CA) using an optical contact angle meter (SL200 KS)
after dropping a water droplet with a volume of 5.0 μL at the coating
surface at 25 °C. A cross-cut method is used to test the adhesion
between the coating and the substrate based on the standard of GB/
T9286−88.

A three-electrode system, including the working electrode (exposed
area 1.0 cm2), was immersed in a 3.5 wt % NaCl solution and tested at
room temperature (∼25 °C) using an electrochemical workstation
(Gamry) to evaluate the corrosion resistance. The other two
electrodes of the three-electrode system were the reference electrode
(saturated calomel electrode (SCE)) and the counter electrode
(platinum sheet). The three-electrode system was placed in a Faraday
cage to isolate the coating sample from external electromagnetic
radiation. Before electrochemical impedance spectroscopy (EIS) and
Tafel curves testing, open circuit potential (OCP) vs time curves were
measured for at least 1200 s until a relatively stable OCP was
obtained. Due to the huge impedance, EIS diagrams were acquired in
the 105 to 10−2 Hz frequency range with an amplitude of 25 mV. The
Tafel tests were conducted at a scan rate of 1.0 mV s−1 and over a
potential range of −500−500 mV (vs OCP).30 The corrosion current
density (jcorr) values were obtained by fitting the Tafel curves and
were used to calculate the corrosion protection efficiency (η) based
on the following equation

j j

j
100%corr corr

corr

= ×
(1)

where j′corr and jcorr represent the corrosion current densities of bare
magnesium alloy and magnesium alloy with different coatings,
respectively. The electrochemical parameters associated with the
EIS and Tafel curves were fitted by using Gamry Analyst software.
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The electrochemical tests for each sample were performed more than
three times to ensure reproducibility and reliability.

The current density of the coating surface was monitored using a
scanning vibrating electrode technique (SVET, Applicable Elec-
tronics, PSDA-2, Science Wares, Inc., Falmouth, MA) to examine the
self-healing properties of the coating. Before testing, the samples were
wrapped with edible wax and fixed on an epoxy resin substrate to
expose the same area of the coating surface and introduce a defect of
approximately 76 μm in diameter in the exposed area. The current
signal was collected by using a Pr−Ir microelectrode scanning
vibration probe (with a black platinum sphere tip, 20 μm in diameter)
placed 150 μm above the sample surface. The widths and changes of
the scratch defects of the different coatings before and after the
immersion experiments and the needle cone defects before and after
the SVET tests were observed by using a metallographic microscope
(IE500M, China).

3. RESULTS AND DISCUSSION
3.1. Morphology, Composition, and Structure. The

evolution of surface morphology and composition of LDH
coatings with polyelectrolyte modification was first examined
by SEM and EDS techniques (Figure 1). The LDH coating on
the Mg surface derived by the hydrothermal method consists
of many irregular nanoflakes perpendicular to the substrate

(Figure 1b−c), consistent with the morphology of LDH
phases.31−33 Compared with a single LDH film, the PEI/PSS
film surface is denser without evident gaps (Figure 1e). The
high-magnification image (Figure 1f) shows that the flakes
adsorbed on the LDH surface display an orientation parallel to
that of the substrate. This type of structure presents a layer to
retard the penetration of corrosive ions into the underlying
matrix. When the corrosion inhibitor 8HQ was adsorbed onto
the PEI/PSS film, a flake structure perpendicular to the
substrate appeared again (Figure 1h−i), similar to those
reported for 8HQ adsorbed directly on the LDH surface.21

The surface morphologies of the PEI/PSS/8HQ/PSS/PEI
coatings (Figure 1k−l) are similar to those of the PEI/PSS
(Figure 1e−f). The surface is relatively dense and flat without
the apparent porous structure of perpendicularly grown
nanosheets, indicating the successful coverage of the
polyelectrolyte film on the underlying 8HQ layer. Moreover,
the elemental compositions were analyzed (Figures 1d−m,1j,
and S1). Compared with single LDH coatings, the Mg, Al, C,
and O elements were detected. After depositing polyelectrolyte
and loading inhibitor, S and N elements were detected, where
S came from the adsorbed PSS and N came from the PEI and

Figure 2. Different films and surface structures: (a) XRD patterns and (b) FT-IR spectra of LDH, PEI/PSS, PEI/PSS/8HQ, and PEI/PSS/8HQ/
PSS/PEI coatings on the Mg alloy surface. High-resolution XPS spectra of (c) Mg 1s, (d) Al 2p, (e) C 1s, (f) O 1s, (g) S 2p, and (h) N 1s for
single LDH and composite PEI/PSS/8HQ/PSS/PEI coatings.
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8HQ. Based on the percentages of different elements in the
four coatings (Table S1), the contents of C, N, and S elements
increase with the stepwise adsorption of the polyelectrolyte
and inhibitor, indicating that the organic PEI, PSS, and 8HQ
were successfully assembled layer-by-layer on the LDH film’s
surface. The composite polyelectrolyte film was self-assembled
by ionic bonds between the positively charged PEI and
negatively charged PSS. The corrosion inhibitor 8HQ was
entrapped into the nanonetwork of the multilayers as a dopant
or a component of the polyelectrolyte.34

In addition to the strong diffraction peaks originating from
the substrate magnesium at 2θ equal to 32.5, 34.6, 47.2, 57.8,
63.6, 69.2, and 73.0° (JCPDS No. 35−0821), a weak
diffraction peak attributing to Mg(OH)2 (JCPDS No. 41−
1428) was observed at 59.0° after growing the LDH film on
the magnesium alloy (Figure 2a). More importantly, distinctive
peaks attributed to the LDH phase were observed at 11.7, 23.2,
and 38.3° (JCPDS No. 14−0525), indicating the successful
formation of good crystalline LDH phase on the magnesium
alloy surface. With the LBL assembly of the polyelectrolyte, the
organic coating thickness gradually increased and weakened X-
ray penetration. The intensity of the characteristic peaks
belonging to the LDH phase at 11.7 and 23.2° gradually
declined and even disappeared, further proving the adsorption
of the polyelectrolyte on the LDH phase’s surface.
The four coatings on Mg surfaces showed evident

absorption peaks at 3689 cm−1 in FT-IR spectra corresponding
to the stretching vibration of the intercalated water molecules
in the LDH phase (Figure 2b).35 The absorption bands at
1386 and 637 cm−1 are associated with the asymmetric
stretching vibrations resulting from the intercalated carbonate

ion (CO3
2−) in the LDH phase. The weak absorption peaks in

the low wavenumber range are attributed to lattice vibrations
of the M−O (M = Mg, Al) bonds.36 For the LDH/PEI/PSS
sample, the absorption peaks at wavenumbers 1184 and 1042
cm−1 correspond to symmetric and asymmetric vibrations from
the sulfonate (SO3

2−) in the anionic polyelectrolyte (i.e., PSS),
respectively.37 The absorption band at 3440 cm−1 is attributed
to N−H bonding (NH) in the cationic polyelectrolyte (i.e.,
PEI). After treatment in an 8HQ solution, the sample shows
more new absorption peaks, including the stretching vibrations
of C−N/O−H bonds at 1280 cm−1, C−O (C−OH) bonds at
1093 cm−1, C−H bond at 3065 cm−1, and C�N bond at 1571
and 1630 cm−1.25,38,39 All of the peaks are related to the 8HQ
structure, indicating the successful loading of 8HQ on the
polyelectrolyte film. In the FT-IR spectrum of the PEI/PSS/
8HQ/PSS/PEI coating, the absorption peaks originating from
the N−H bond in the PEI (3440 cm−1) and SO3

2− in the PSS
(1184 and 1042 cm−1) were significantly increased in intensity
due to the further adsorption of polyelectrolyte on the surface.
These results indicate the successful assembly of PEI and PSS
polyelectrolytes and the loading of 8HQ inhibitors on the
LDH phase surface.
The XPS high-resolution spectra of Mg 1s and Al 2p of LDH

and PEI/PSS/8HQ/PSS/PEI coatings show that the binding
energy of the Mg−O bond increased by 1.0 from 1302.4 to
1303.4 eV and that of the Al−O bond decreased by 0.4 from
74.5 to 74.1 eV after polyelectrolyte adsorption on the LDH
phase (Figure 2c−d). The binding energy shifts indicate that
chemisorption processes were involved during forming
polyelectrolyte films and loading 8HQ inhibitor.40,41 Based
on the C 1s high-resolution XPS spectra for LDH and PEI/

Figure 3. Electrochemical characteristics: (a) Bode magnitude and (b) Bode phase plots of bare Mg alloy and Mg alloys with LDH, PEI/PSS, PEI/
PSS/8HQ, and PEI/PSS/8HQ/PSS/PEI overlayers in 3.5 wt % NaCl solutions at room temperature. (c) Tafel curves and (d) corresponding
column diagrams of Ecorr and jcorr of bare Mg alloy and different coatings on the Mg alloy surface.
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PSS/8HQ/PSS/PEI coatings, it can be seen that the C 1s
spectrum of LDH includes the peak of contaminated carbon at
284.1 eV, the peaks of the C−O single bond (285.3 eV) and
the C�O double bond (288.0 eV) in CO3

2− (bottom curves in
Figure 2e). By comparison, the C 1s spectrum of the PEI/PSS/
8HQ/PSS/PEI layer shows new characteristic peaks of C−S/
C�N (286.0 eV) and C−H (284.5 eV).42−44 These newly
emerged peaks result from the adsorbed PEI and PSS
polyelectrolytes and 8HQ inhibitors on the LDH surface
(top curves in Figure 2e). Although C−N bonds exist in PEI
and 8HQ, it is impossible to distinguish the C−N and C−O
bonds in the C 1s spectrum because they have the same
characteristic peak position (285.3 eV). Similarly, it is also
difficult to distinguish the C�C double bonds and C−C single
bonds in the PSS and 8HQ. The O 1s high-resolution XPS
spectrum of the single LDH film (bottom of Figure 2f) is fitted
to three peaks, namely, the peak with a binding energy of 531.8
eV for −OH, 531.0 eV for M−OH/CO3

2−, and 529.7 eV for
M−O (M = Mg, Al) bonds. After depositing the PEI/PSS/
8HQ/PSS/PEI layer (top of Figure 2f), the binding energy of
M−OH increases by 0.4 to 531.4 eV, further demonstrating
the bonding of the −OH group from the LDH phase with the
polyelectrolyte, in agreement with the results of Mg 1s and Al
2p high-resolution XPS spectra. Besides, a characteristic peak
for SO3

2− in PSS is observed at a binding energy of 530.9 eV,45

confirmed by the S 2p high-resolution XPS spectrum (167.7
eV, Figure 2g). In the N 1s high-resolution XPS spectrum
(Figure 2h), the two characteristic peaks for the N−H (399.5
eV) and C−N−C (400.6 eV) bonds result from the PEI
polyelectrolyte. The characteristic peak for C−N�C (398.2
eV) is attributed to the 8HQ inhibitor.46 The XPS results
further consolidate the successful deposition of an inhibitor-
loaded polyelectrolyte film on the LDH layer. Owing to the
rich −OH groups on the surface of the LDH phase and the
N−H bond in the PEI film, N−H···O-type hydrogen bonds
can be formed successfully,37,47 which is expected to improve
the adhesion and is confirmed by the tape test method (Figure
S2).
3.2. Anticorrosion and Self-Healing Characteristics.

The high-frequency, middle-frequency, and low-frequency
regions of the EIS spectrum reflect the outer, inner, and
substrate/coating interface properties of the coating.19,48,49

Compared to the bare magnesium alloy, the impedance values
of the substrate with different coatings show a substantial
increase in the whole frequency range (Figure 3). Compared
with the single LDH film, the impedance values of the coatings
with polyelectrolyte layers show different degrees of enhance-
ment in the low-frequency region (Figure 3a). Especially after
8HQ adsorption, the coating offers the most significant
enhancement in impedance values in the low-frequency
range. This variation in impedance indicates that the corrosion
protection of the inhibitor-loaded composite coating is mainly
attributed to the inhibition of the 8HQ inhibitor and the
physical barrier of the polyelectrolyte film. The density of the
coating can also be determined qualitatively by the phase angle
value in the high-frequency region. The closer the phase angle
in the high-frequency region is to 90°, the denser the coating
and the better the corrosion resistance is.33 Figure 3b shows
that the high-frequency phase angle of bare magnesium alloy is
close to 0°, meaning that the denseness of the naturally
oxidized film on the magnesium alloy surface is very poor,
making its corrosion protection ability unacceptable. The high-
frequency phase angles of LDH, PEI/PSS, PEI/PSS/8HQ, and

especially PEI/PSS/8HQ/PSS/PEI coatings decrease sequen-
tially and finally reach −87° at a frequency of 10 kHz,
indicating that the polyelectrolyte deposition and inhibitor
loading significantly enhance the dense and corrosion
protection performance of the LDH-based composite coatings.
In addition to the qualitative comparison described above,

equivalent circuit (EC) models were used to fit EIS spectra and
quantitatively compare the corrosion resistances of different
coatings. The EC models of the LDH and polyelectrolyte-
(PEMu) modified LDH coatings are shown in Figure S3a,b,
where Rs represents the solution resistance, CPELDH and RLDH
represent the constant phase element and resistance of the
LDH layer, respectively, CPEdl, and Rct represent the constant
phase angle element and charge transfer resistance of the
double electric layer, respectively, and Zw represents the
Warburg diffusion impedance, which indicates the ion-
exchange interaction in the LDH phase.21 Compared with
the single LDH layer, the new CPEPEMu and RPEMu in Figure
S3b represent the different electrolyte layers’ constant phase
element and resistance. The fitted electrochemical parameters
for different coatings are listed in Table S2. The Rct value of
bare magnesium alloy is only 318 Ω·cm2 in a 3.5 wt % NaCl
solution because of its poor corrosion resistance and
occurrence of severe corrosion at the surface.50 Due to the
physical barrier and ion-exchange capability of the LDH layer,
the Rct value of the magnesium alloy after growing the LDH
phase jumps to 1.15 MΩ·cm2, indicating a significant increase
in corrosion resistance. After treatment of LDH with PEI/PSS,
the Rct value of the coating increases more than 3 times its
original value, reaching 3.57 MΩ·cm2, attributed to the
physical barrier of the polyelectrolyte layer. After loading the
8HQ inhibitor, the Rct value of the obtained PEI/PSS/8HQ
coating increases almost 20 times to 68.00 MΩ·cm2, mainly
attributed to the excellent inhibition of the 8HQ inhibitor. To
prevent the ineffective diffusion of inhibitor into the bulk
solution and enhance the inhibition efficiency, the PSS/PEI
layer was deposited by electrostatic deposition. The Rct value
of the obtained PEI/PSS/8HQ/PSS/PEI coating further
increases to 86.8 MΩ·cm2, which is again attributed to the
physical barrier of the polyelectrolyte film. Briefly, the PEI/
PSS/8HQ/PSS/PEI coatings exert the polyelectrolyte film’s
physical barrier effect to seal the pores in the LDH layer and
efficiently utilize the inhibition of the 8HQ inhibitor, showing
high-performance corrosion protection.
The results of Tafel curves also indicate the excellent

corrosion protection of the PEI/PSS/8HQ/PSS/PEI coating
for the magnesium alloy (Figure 3c). Compared with bare
magnesium alloy, the coatings’ corrosion potentials (Ecorr) shift
significantly toward a more positive direction, and the jcorr
decreases notably. Generally, a more positive Ecorr of the
coating indicates better corrosion protection.51 The bare
magnesium alloy shows the most negative Ecorr (1410 mV) and
the highest jcorr (6.0 × 10−5 A cm−2) among these samples
(Figure 3d and Table S3). The LDH layer presents a relatively
positive Ecorr (972 mV) and a small jcorr (8.37 nA cm−2),
indicating a notable enhancement against corrosion. Com-
pared to the single LDH layer, after depositing the PEI/PSS/
8HQ/PSS/8HQ film, the formed composite coating exhibits
the most positive Ecorr (−142 mV) and the lowest jcorr (0.888
nA cm−2). The corrosion protection efficiency of the
composite coating reaches 99.999%, indicating excellent
corrosion protection of the coating for magnesium alloy.
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The EIS and Tafel plots were also employed to compare the
long-lasting corrosion protection performance of the LDH and
PEI/PSS/8HQ/PSS/PEI coatings during 15 days of exposure
to corrosive solutions (Figure 4 and Table S4). Although the
Rct value of the LDH coating slowly decreases with increasing
soaking time, it remains above 0.43 MΩ·cm2 after 15 days of
soaking, mainly attributed to the sound physical barrier and
ion-exchange function of the LDH layer. In contrast, the Rct
value of the PEI/PSS/8HQ/PSS/PEI coating is 15.69 MΩ·
cm2 after the same period of immersion (Figure 4c,e and Table
S4), which is about 36 times that of the LDH coating.
Moreover, the PEI/PSS/8HQ/PSS/PEI coating displays an
evident increase in the Rct value up to 11 days of immersion,
which may be related to the release of inhibitors. In addition,
the absolute value of the phase angle at high-frequency (10
kHz) for the LDH coating gradually decreases from 80 to 60°
as the soaking time increases (Figure 4b). This decrease in
impedance results from the gradual degradation of the LDH
layer during the soaking process.52,53 As for the PEI/PSS/
8HQ/PSS/PEI coating, after experiencing the same soaking
time, the absolute value of the phase angle only decreases from

87 to 80°, indicating better corrosion resistance compared to
the single LDH layer (Figure 4d). From the Tafel curves
(Figure 4f), the corrosion potentials of PEI/PSS/8HQ/PSS/
PEI and LDH coatings after 15 days of immersion are −0.415
and −1.100 V and the corrosion current densities are 4.66 and
10.80 nA cm−2, respectively. Compared with the single LDH
layer, the PEI/PSS/8HQ/PSS/PEI composite coating still
exhibits a significantly larger Rct value, more positive Ecorr, and
lower jcorr even after long-time immersion in the corrosive
medium, suggesting stable corrosion protection performance.
The superior long-term corrosion resistance of the PEI/

PSS/8HQ/PSS/PEI coating is also demonstrated by hydrogen
evolution experiments using a buret closed at one end (inset in
Figure 4g). The bare magnesium alloy exhibits a huge
hydrogen volume during exposure (Figure 4h). Although the
hydrogen volumes for both coatings are tiny throughout the
soaking period, the amount of hydrogen is only 0.01 mL cm−2

for the PEI/PSS/8HQ/PSS/PSS/8HQ coating after 15 days of
soaking, which is significantly lower than that for the single
LDH layer (0.31 mL cm−2). After 5 days of immersion, the
bare magnesium alloy was corroded seriously, and the surface

Figure 4. Evolution of the electrochemical characteristics: (a−d) Bode diagrams of (a, b) LDH and (c, d) PEI/PSS/8HQ/PSS/PEI coatings with
soaking days in 3.5 wt % NaCl solutions, (e) log Rct values over time, and (f) Tafel curve after exposure for 15 days. (g, h) Hydrogen evolution
experiment of the Mg alloy (25 × 15 × 2 mm3) with and without LDH and PEI/PSS/8HQ/PSS/PEI coatings after immersing in 50 mL of NaCl
solutions for half a month. (i) Digital pictures of the macroscopic morphologies of the samples after exposure to corrosive solutions for different
days.
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Figure 5. 3D SVET current density plots: (a) LDH, (b) PEI/PSS/PEI/PSS, and (c) PEI/PSS/8HQ/PSS/PEI coatings on the magnesium alloy
surface at different exposure times in corrosive media. (d) Variations of peak current densities with different immersion times at artificial defects for
the three coatings based on the 3D SVET maps and (e) corresponding metallographs before and after SVET testing in 3.5 wt % NaCl solutions for
24 h, showing the self-healing processes and demonstrating the superior corrosion protection of the as-obtained composite coating.
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was entirely covered by corrosion products (Figure 4i). By
contrast, after 15 days of immersion, the visual appearances of
the LDH and PEI/PSS/8HQ/PSS/PSS coatings were similar
to those before immersion without obvious corrosion signs.
The hydrogen evolution results and digital pictures demon-
strate the relatively stable corrosion resistance of the LDH and
PEI/PSS/8HQ/PSS/PSS/8HQ coatings. However, the corro-
sion resistance of the PEI/PSS/8HQ/PSS/PEI coating is
better than that of the single LDH coating. This improvement
in corrosion protection is doubtlessly related to the inhibitor’s
inhibition and the physical barrier of the polyelectrolyte film.
The cathodic and anodic behaviors at the artificial

microdefects were analyzed by measuring the current densities
on different coating surfaces using an SVET method (Figure
5). Obvious anodic behavior is observed when the magnesium
alloy with pure LDH coating is immersed in a 3.5 wt % NaCl
solution (Figure 5a,d). In the early immersion stage, the
corrosion current density increases with the immersion time.
After 18 h of immersion, the current density at the defects
decreases, probably because the self-healing effect of the LDH
phase and the accumulation of corrosion products at the
defects have a certain inhibitory effect on corrosion.54 The
current density variation of the PEI/PSS/PEI/PSS coating in
the corrosive medium is similar to that of the LDH coating
(Figure 5b), which also tends to increase and decrease in
current density with increasing time. However, compared to
the single LDH coating, the PEI/PSS/PEI/PSS coating shows
a slight decrease in current density after only 3 h of exposure.
The time required for the latter to undergo self-healing is
significantly reduced, indicating improved corrosion protection
due to the mobility of the polyelectrolyte.55 The corrosion
current density increases significantly again with increasing
immersion time, indicating that the anodic process was not
sufficiently inhibited. However, the maximum corrosion
current density of the PEI/PSS/PEI/PSS coating is remarkably
reduced to about 482.5 μA cm−2 after 24 h of immersion,
which is only one-third that of the single LDH coating. In
contrast, the PEI/PSS/8HQ/PSS/PEI coatings exhibit sig-
nificantly different current density variations during the 24 h
immersion (Figure 5c,d). Evident anodic currents are not
examined within the immersion experiment, indicating
sufficient inhibition of the anodic oxidation reactions. The
current density variation of the PEI/PSS/8HQ/PSS/PEI
coatings within 30 min (Figure S4) further demonstrates
that 8HQ, as a mix-type inhibitor, adequately inhibits the
anodic reaction in a very short period while restraining the

cathodic reaction in a very slow rate.21 The cathodic current
density mainly originates from the reduction reaction of water
to hydrogen gas.56 The cathodic current density is slightly
higher than 30 μA cm−2 at the beginning (1 min) and was
suppressed and decreased to about 15 μA cm−2 after 5.0 min
due to the continuous release of the 8HQ inhibitor.
Subsequently, although the current density increases slowly
with time, it increases to only about 30 μA cm−2 after 30 min.
The initial diameters of the artificial defects at the surfaces of
the three coatings are all ∼76 μm (Figure 5e). After 24 h of
exposure, the sizes of the defects at the LDH and PEI/PSS/
PEI/PSS coatings’ surfaces increase notably to around 451 and
315 μm, respectively. In contrast, the increased dimension of
the defects in the case of the PEI/PSS/8HQ/PSS/PEI coating
is much smaller. The SVET and metallographic images further
demonstrate the good self-healing ability and corrosion
resistance of the PEI/PSS/8HQ/PSS/PEI coating.
The LDH, PEI/PSS/PEI/PSS, and PEI/PSS/8HQ/PSS/

PEI coatings with artificial scratches were immersed in 3.5 wt
% NaCl solutions. The metal surface’s corrosion extent and
elemental changes were observed (Figure 6a−c). The
metallographic images show that the initial scratches of the
three coatings were deep to the substrate and similar in width.
After immersion in the corrosive medium, the depths of the
scratches on the surfaces of the three coatings were less
noticeable. The cuts become shallow because of the chemical
reactions near the scratches during immersion and the
formation of deposits to fill the defects. However, the
sediments in the scratch area of the pure LDH and PEI/
PSS/PEI/PSS coatings are loose, especially the former, which
exhibits obvious microcracks in the precipitation film at the
scratch area. The reason is that in this case, the corrosion
medium penetrated the magnesium alloy and the sediment film
was composed of loose and porous magnesium hydroxide and
magnesium oxide. In contrast, the precipitation layer at the
scratch area of the PEI/PSS/8HQ/PSS/PEI coating is very flat
and dense. The EDS results show that, compared to the PEI/
PSS/PSS/PEI coating, the PEI/PSS/8HQ/PSS/PEI coating
exhibits notably higher content for N element in the scratch
area (Figure 6d and Table S5), confirming the presence of
8HQ inhibitor at the scratched region in the latter.

3.3. Self-Healing Mechanism of the Polyelectrolyte-
Modified Coating. The superior corrosion resistance of the
as-prepared multilayer (PEI/PSS/8HQ/PSS/PEI) composite
coating suggests a self-healing function. The function stems
from a combination of the ion-exchange capability of the LDH

Figure 6. Morphologies and compositions of the coatings and artificial scratches: (a−c) SEM images for (a) LDH, (b) PEI/PSS/PEI/PSS, and (c)
PEI/PSS/8HQ/PSS/PEI coatings after 24 h immersion and metallographic images of scratches before immersion in corrosive media (insets). (d)
EDS maps of the PEI/PSS/8HQ/PSS/PEI coating around the scratched areas after exposure to corrosive media.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.4c00087
ACS Appl. Polym. Mater. 2024, 6, 4037−4049

4045

https://pubs.acs.org/doi/suppl/10.1021/acsapm.4c00087/suppl_file/ap4c00087_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.4c00087/suppl_file/ap4c00087_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c00087?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c00087?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c00087?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c00087?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c00087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


phase, the inhibition of the 8HQ inhibitor, and the sealing
effect of the polyelectrolyte on the porous structures.
First, the physical barrier and anion exchangeability of the

LDH layer are crucial factors in the self-healing function. In
addition to acting as a physical barrier, the ion-exchange
property of the LDH phase is also important because when
mechanical or chemical damage occurs, the LDH phase can
capture corrosive anions (e.g., Cl−) and release inhibitors to
inhibit the corrosion. Typically, the CO3

2− intercalated LDH
phase is less likely to undergo ion exchange with other anions.
However, the CO3

2− intercalated LDH phase deposited on
magnesium alloys undergoes ion exchange. The ion exchange
does not affect the structure when immersed in a NaCl
solution for a long time57 because CO3

2− ions react with Mg2+
to produce MgCO3 precipitate, which promotes the exchange
reaction between CO3

2− and Cl− ions. Moreover, owing to the
relatively high solubility product constant of MgCO3, it is
easily transformed to Mg(OH)2 precipitation at the corrosion
defects, hindering further corrosion.
Second, a dense and corrosion-resistant Mg(HQ)2 film is

formed. When the composite coating on magnesium alloy is
used for a long time, it unavoidably undergoes mechanical or
chemical damage. The corrosive medium (such as Cl−) will
inevitably penetrate the coating to reach the substrate surface
and oxidize the metallic magnesium into Mg2+ ions. Mean-
while, the 8HQ between the polyelectrolyte layer is released
and diffused to the magnesium alloy surface along with the
corrosive medium. It combines with Mg2+ to produce a dense
and insoluble Mg(HQ)2 film at the defects, suppressing the
corrosion reactions.58

Third, there is a sealing effect on the porous structures due
to the intrinsic properties of the polyelectrolyte film. Unlike
the LDH nanosheets grown perpendicular to the magnesium
alloy surface, the polyelectrolyte film was laid over the LDH
phase and 8HQ surfaces. This composite structure effectively
seals the micro- and nanoscale pores in the LDH film (Scheme
2). Moreover, the polyelectrolyte presents pH buffering and
swelling ability, which helps to form a dense barrier layer and
reduces the penetration of corrosive media.27 Compared with
the covalent bond, the activation energy required to break the
ionic bond of the polyelectrolyte is low. During the exposure
process, owing to the fluctuation of local surroundings from
aggressive electrolyte to mild condition, partial ionic bonds
were broken and then reformed to generate a thermodynami-
cally favorable conformation for these polymer chains, showing
mobility and self-healing performance.37 The detection of both
N and S elements evenly distributed in the scratch area in both
PEI/PSS/PEI/PSS and PEI/PSS/8HQ/PSS/PEI coatings
(Figures 6d, S5, and S6) demonstrates the mobility of the
polyelectrolyte at the scratch area.55 The polyelectrolyte flow
effectively seals and repairs the damaged sites (Scheme 2),
improving the corrosion protection performance.

Compared with the single LDH layer, the improved
corrosion resistance of the PEI/PSS/8HQ/PSS/PEI coating
is also related to the reduction of hydrophilicity of the coating
surface. Generally, the larger the contact angle of the coating
surface, the better the hydrophobicity and the corrosion
resistance.25 The water contact angle (WCA) on the pure
LDH layer surface is only 9.5°. This superhydrophilicity
(Figure S7a) is consistent with rich hydrophilic −OH groups
in the LDH phase. After depositing the polyelectrolyte and
8HQ layers, the WCA value increases significantly to about 50°
(Figure S7b−d). The decrease of the surface hydrophilicity of
the coating surface agrees with the enhanced corrosion
resistance.

4. CONCLUSIONS
The results of this work have demonstrated an effective
strategy to construct an 8HQ-sandwiched polyelectrolyte film
on an LDH-grown magnesium alloy surface. The LBL self-
assembled multilayer polyelectrolyte exhibits superior corro-
sion protection and a self-healing ability. The strong adhesion
of the polyelectrolyte film to the underlying LDH layer
effectively seals the micro- and nanoscale pores in the LDH
film and reduces the penetration of corrosive media. The
mobility characteristics of the polyelectrolyte and the Mg-
(HQ)2 precipitation generated by the reaction between the
inhibitor and oxidized magnesium help to seal and repair the
mechanical cracks and defects, effectively suppressing the
corrosion processes and reducing the ineffective release and
diffusion of 8HQ into the bulk solution. The enhanced
longevity of the inhibitor concentration at the substrate surface
improves the inhibition durability. The insight into the
effective sealing of the micro/nanopores provides a pathway
toward designing a long-lasting and highly corrosion-resistant
self-healing coating on metal.
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