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Abstract

ZnAl and ZnAlCe layered double hydroxide (LDH) conversion layers modified with picoli-
noyl N4-phenylthiosemicarbazide (HL) are fabricated on hot-dip galvanized steel (HDG)
to improve corrosion protection. X-ray diffraction (XRD) confirms that HL molecules are
not intercalated within the LDH interlayers, whereas Fourier transform infrared spec-
troscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and energy-dispersive X-ray
spectroscopy (EDS) analyses reveal their surface adsorption. Moreover, scanning elec-
tron microscopy (FE-SEM) observations reveal that HL modification induces changes in
surface morphology. After 168 h in 0.1 M NaCl, the LDH structure remains intact, and
N and S signals are still detected, confirming the persistence of both the LDH layer and
adsorbed HL molecules under corrosive conditions. During 168 h immersion in NaCl, elec-
trochemical measurements indicate that the modified LDH layers exhibit higher corrosion
resistance than the unmodified ones, with the ZnAlCe LDH/HL coating providing the most
effective protection.

Keywords: layered double hydroxide; hot-dip galvanized steel; acyl thiosemicarbazide;
corrosion protection

1. Introduction
Zinc is widely employed as a sacrificial coating for the corrosion protection of steel

across numerous sectors [1]. Among the available deposition techniques, hot-dip galvaniz-
ing (HDG) remains particularly attractive due to its low cost, operational simplicity, and
ability to produce robust, adherent zinc coatings [2]. Upon exposure to the environment,
the galvanized surface develops a corrosion product film, comprising basic zinc oxides,
zinc hydroxides, and zinc carbonates, that contributes significantly to its protective per-
formance [2,3]. Nevertheless, the corrosion protection afforded by HDG coatings is not
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always uniform, and localized degradation can occur, particularly in chloride-rich environ-
ments [3]. To enhance the durability of galvanized steel under such aggressive conditions,
conversion layers are routinely applied. Chromate conversion coatings were widely used
because of their excellent corrosion resistance and intrinsic self-healing capability [4,5].
However, traditional chromate treatments typically rely on hexavalent chromium (Cr6+),
whose high toxicity and carcinogenicity have prompted stringent regulatory restrictions
and a pressing need for safer alternatives [5]. In response, considerable studies have fo-
cused on the development of environmentally benign conversion coatings. Promising
candidates include molybdate-based systems, rare-earth-metal-containing coatings, sol–gel
coatings and layered double hydroxide (LDH) layers, all of which have demonstrated
potential to improve corrosion resistance while eliminating the hazards associated with
Cr6+-containing processes [6–8].

LDHs are a group of layered inorganic compounds composed of positively charged
brucite-like layers and charge-compensating interlayer anions [9,10]. Owing to their unique
lamellar architecture and high anion-exchange capacity, LDHs have garnered significant
interest in the field of metal corrosion protection [10,11]. When incorporated into primer
coatings, LDHs can function as nanocontainers to immobilize corrosion inhibitors, enabling
a controlled release of protective species while simultaneously trapping aggressive ions [11].
This dual functionality imparts both barrier protection and self-healing capability to the
coating system. Moreover, LDH layers can be directly fabricated on metallic substrates,
either as standalone protective layers or as pretreatment layers that enhance the adhesion
and performance of subsequent topcoats [9,12–14].

A variety of corrosion inhibitors have been successfully incorporated into LDH layers
on Mg and Al alloy substrates to enhance active protection. Y. Wang et al. fabricated
ZnAlCe-LDH layers on 6061 Al alloy by electrodeposition and demonstrated higher cor-
rosion protection compared with ZnAl-LDH layers [15]. The improved performance was
attributed to Ce3+ incorporation, which facilitated the formation of compact, thick layers
with stronger barrier properties, efficient chloride entrapment, and redox-driven self-
healing at localized defects. Neves et al. demonstrated that ZnAl-LDH layers on AA2024
alloy, modified with mercaptobenzothiazole (MBT), provided not only barrier protection
but also self-healing capability through the release and adsorption of inhibitors at defect
sites [16]. Likewise, LiAl-LDH intercalated with vanillin L-aspartic acid anions produced
a compact and uniform layer on A6N01-T5 Al alloy, exhibiting superior ion-exchange
capacity and significantly improved corrosion resistance compared to the unmodified LDH
layer [17]. X. Wang et al. prepared MgAl-CO3 LDH layers on AZ31 Mg alloy using the
hydrothermal method, followed by functionalization with 8-hydroxyquinoline (8HQ) [18].
They found that MgAl-LDH layers loaded with 8HQ provided localized protection by
forming stable Mg-HQ complexes at defect sites, thereby suppressing pitting. Yao et al.
fabricated MgAlLa-LDH films intercalated with sodium benzoate on AZ31 Mg alloy sub-
strate, which provided corrosion protection through inhibitor release and barrier effects [19].
When transformed into slippery liquid-infused porous surfaces, the coatings exhibited
outstanding durability, with long-lasting corrosion resistance as well as self-cleaning and
self-healing capabilities.

Recent studies have demonstrated feasible methods for the direct growth of LDH
layers on zinc and its alloys substrates. Zheludkevich et al. demonstrated that a ZnAl-NO3

LDH layer can be directly synthesized on zinc substrate via a one-step hydrothermal process
in Al(NO3)3/NaNO3 solution at 90 ◦C for 20 h [20–23]. The resulting nitrate-intercalated
LDH layer acted as an effective precursor for anion exchange, with in situ synchrotron
studies revealing reaction rates following the sequence Cl− > SO4

2− > VOx
y− [22]. Further-

more, EIS and SVET confirmed that both nitrate- and vanadate-intercalated LDH layers
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significantly enhanced the corrosion resistance of zinc in 0.05 M NaCl solution, with a
ZnAl-V2O7 LDH sample providing superior protection compared to a ZnAl-NO3 LDH
sample [23]. This can be explained by the partial release of vanadate species, which form
protective surface films that inhibit both anodic zinc dissolution and cathodic oxygen
reduction. Xu et al. synthesized a ZnAl-NO3 LDH layer on galvanized steel using a
two-step electrochemical method at room temperature, where anodic dissolution of zinc
generates Zn2+ near the substrate and subsequent cathodic deposition promotes LDH
layer growth [13]. These layers were further functionalized by incorporating corrosion
inhibitors such as 8-HQ, which endowed the coatings with dual protection by acting as both
a physical barrier and a reservoir for inhibitor release in chloride-containing environments.
Amanian et al. modified ZnAl-CO3 LDH layer with benzotriazole (BTA) via ion-
exchange [6]. This improved the corrosion resistance of galvanized steel, increasing
impedance up to four times compared with the unmodified layer. The released BTA
not only adsorbed onto the metal surface but also formed stable Zn-BTA complexes at
defect sites, enabling a self-healing effect. In our previous work, ZnAlCe-CO3 HT layers
were synthesized on HDG substrates under different precursor pH conditions [24]. It
was demonstrated that Ce3+ and Ce4+ species can be released from the LDH lattice and
reprecipitate as insoluble cerium oxides/hydroxides at cathodic sites, thereby sealing local
defects, suppressing oxygen reduction, and providing self-healing functionality.

Thiosemicarbazide (TSC) derivatives, owing to their effective inhibition performance
at low concentrations and comparatively lower hazardous character, offer a promising
alternative to conventional toxic corrosion inhibitors and may support the transition to-
ward more environmentally responsible protection strategies [25–29]. Their effectiveness is
attributed to the presence of multiple donor atoms, including nitrogen, sulfur, and oxygen,
as well as π-electrons from conjugated bonds, which facilitate strong adsorption on metal
surfaces. Upon adsorption, these molecules can form stable metal–inhibitor complexes that
block active sites, suppress anodic metal dissolution, and retard cathodic reactions, thereby
reducing overall corrosion rates. Chauhan et al. evaluated TSC-functionalized chitosan
for mild steel in 1 M HCl and achieved inhibition efficiencies above 90% at relatively
low concentrations, with adsorption obeying the Langmuir isotherm and supported by
DFT and molecular dynamics simulations [28]. Singh et al. reported that TSC acted as
an effective corrosion inhibitor for copper in chloride media, with efficiency improving
with concentration [29]. The protective effect was attributed to the formation of Cu(I)–TSC
surface complexes, which further oxidized into stable Cu(II) species, thereby reducing
anodic dissolution and enhancing resistance against chloride attack. In our recent study,
acyl thiosemicarbazide compounds, including picolinoyl N4-phenylthiosemicarbazide
(HL), were demonstrated to be highly effective mixed-type corrosion inhibitors for
zinc in neutral saline environments, providing inhibition efficiencies exceeding 97% at
1.0 × 10−3 M [30]. Electrochemical analyses indicated that these compounds simul-
taneously suppressed anodic and cathodic reactions, while DFT calculations and XPS
results confirmed their strong adsorption capability and the formation of stable Zn-N
and Zn-S coordination bonds, consistent with the experimentally observed corrosion
protection behavior.

Despite its proven efficiency, the combination of TSC with LDH coatings has not yet
been reported. Given the ion-exchange capacity and active protection offered by LDHs, the
incorporation of TSC into their structure could integrate the barrier properties of LDHs with
the strong inhibition capability of TSC. On this basis, the present study aims to develop and
evaluate TSC-modified LDH layers on HDG substrates as a novel strategy for enhanced
corrosion protection. Specifically, ZnAl and ZnAlCe LDH layers are functionalized with
picolinoyl N4-phenylthiosemicarbazide (HL), and their structural characteristics as well
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as corrosion resistance are systematically investigated. The modified LDHs are charac-
terized before and after immersion in saline solution using FT-IR, XRD, SEM/EDS, and
XPS analyses. In addition, electrochemical techniques, including polarization curves and
electrochemical impedance spectroscopy (EIS), are employed to evaluate the inhibition
efficiency of the LDH samples during 168 h of exposure to saline solution.

2. Materials and Methods
2.1. Materials

The HDG plates (wt%: Zn 92.1, Al 1.2, C 3.9, O 2.8) are supplied by ArcelorMit-
tal (Ghent, Belgium) [24]. Before LDH layer growth, the substrates are degreased with
acetone and ethanol, followed by immersion in a commercial alkaline cleaning solution
(Gardoclean®, Frankfurt, Germany) [31].

Analytical-grade reagents, including Al(NO3)3·9H2O (Darmstadt, Germany), Ce(NO3)3·
6H2O (Darmstadt, Germany), Zn(NO3)2·7H2O (Darmstadt, Germany), NaCl (Darmstadt,
Germany), and NaOH (Darmstadt, Germany), were used in all experiments. Picolinoyl N4-
phenylthiosemicarbazide (HL) is prepared in accordance with a standard procedure [32,33].

2.2. LDHs Conversion Layer Preparation

ZnAl LDH and ZnAlCe LDH conversion layers are prepared at pH 12, as reported
earlier [24,34]. Briefly, HDG substrates are immersed in a mixed solution of Zn(NO3)2,
Al(NO3)3, NaOH, and Ce(NO3)3 for ZnAlCe LDH synthesis at room temperature under
stirring for 6 h, followed by 16 h without stirring (Scheme 1). The specimens are then
removed, rinsed with DI water, and dried. Then, the specimens are immersed in a 1 mM HL
solution (the pH is adjusted to 12 using 1 M NaOH) for 2 h at room temperature (Scheme 1).
After removal, they are rinsed with DI water and dried with compressed air. The modified
layers are denoted ZnAl LDH/HL and ZnAlCe LDH/HL.

Scheme 1. Diagram for the preparation of ZnAl LDH/HL and ZnAlCe LDH/HL layers.
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2.3. Characterization

The functional groups on the surface of the modified LDH layers are analyzed by FTIR
(Nexus 670, Nicolet, Waltham, MA, USA). The phase composition of LDH layers is deter-
mined by XRD (Bruker D5000, Billerica, MA, USA) using CoKα radiation (λ = 0.1789 nm)
with an Fe filter at a scan speed of 1◦ min−1. The surface composition of the LDH layers is
characterized by XPS (PHI VERSAPROBE 5000, Chigasaki, Japan) with Al Kα radiation
(1486.6 eV). Measurements are conducted using a 200 µm beam diameter at 50 W. Atomic
compositions were obtained from peak areas after applying Shirley baseline correction.
FE-SEM (Hitachi SU8020, Tokyo, Japan) coupled with EDS (Thermo Scientific Noran Sys-
tem 7, Waltham, MA, USA) is used to analyze the microstructure and compositions of the
LDH layers.

2.4. Electrochemical Tests

The corrosion behavior of LDH layers in 0.1 M NaCl solution is evaluated over 168 h
immersion using a Parstat Model 2273 (Oak Ridge, TN, USA) controlled by Powersuite®

2.3 software. A conventional three-electrode cell is employed, with an Ag/AgCl (sat.
KCl) reference electrode, a spiral-shaped platinum counter electrode, and the LDH layers
(1 cm2 exposed area) serving as the working electrode. Before EIS and polarization curve
measurements, all samples are allowed to stabilize at open-circuit potential (OCP) for
15 min. EIS measurements are carried out within the frequency range of 100 kHz to
10 mHz with a sinusoidal perturbation of ±5 mV (peak-to-peak). Polarization curves are
recorded over potential ranges of +0.03 to −0.40 V and −0.03 to +0.40 V versus OCP (V vs.
Ag/AgCl) at 0.2 mV s−1. The electrochemical tests are conducted inside a Faraday cage to
suppress external electromagnetic disturbances and ensure stable, noise-free impedance
responses. All electrochemical tests are performed at least in duplicate.

3. Results
3.1. Characterization of LDH Conversion Layers
3.1.1. FT-IR Results

Figure 1 shows the FT-IR spectra of HL compound, unmodified and modified LDH
layers. As observed for unmodified LHD [24,34], the FT-IR spectra of the LDH/HL sam-
ples display a characteristic broad band at around 3410 cm−1, which correspond to O–H
vibrations of water molecules and hydroxyl groups. The bands observed at wavenumbers
below 800 cm−1 are attributed to lattice vibrations of M–O, O–M–O, and M–O–M units
(M = Zn, Al, or Ce) within the LDH framework [35]. Consistent with the unmodified
LDH samples [24,34], the LDH/HL materials exhibit a distinct absorption band at around
1355 cm−1, which corresponds to the stretching vibrations of intercalated CO3

2− ions.
However, the FT-IR spectra of HL-modified LDH samples exhibit characteristic absorp-
tion bands in the range of 1560–1400 cm−1, representing the stretching vibration of C–C
bonds from the aromatic ring structure of HL [30,33]. Additionally, characteristic HL peaks
around 1230 cm−1, likely due to interactions between the valence vibrations of C=S and
C–N/C=N bonds, appear in the FT-IR spectrum [30,33]. The HL characteristic peaks in the
ZnAl LDH/HL and ZnAlCe LDH/HL spectra confirm the presence of HL molecules in the
modified specimen.

3.1.2. XRD Results

Figure 2 shows XRD patterns of modified LDH layers with HL solution prepared on
HDG before and after 168 h immersion in 0.1 M NaCl. The characteristic diffraction reflec-
tions (003), (006), and (012) of LDH layers appeared at approximately 13.7◦, 27.5◦, and 40.7◦,
respectively, indicating the existence of carbonate-intercalated LDH structure, consistent
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with the FT-IR absorption band observed near 1355 cm−1 (Figure 2a) [31]. This phenomenon
can be explained by the fact that, in alkaline media, dissolved CO2 readily reacts with
hydroxide ions to generate CO3

2− species, which are preferentially and rapidly incorpo-
rated into the LDH interlayer galleries, thereby stabilizing the carbonate-intercalated LDH
structure [35]. Compared to the unmodified LDH samples [24,34], ZnAl LDH/HL and
ZnAlCe LDH/HL layers do not show any new peak related to d(003), suggesting that HL
molecules are not intercalated within the LDH interlayer galleries.

 
Figure 1. FT-IR spectra of (a) HL, (b) ZnAl LDH/HL, (c) ZnAlCe LDH/HL, (d) ZnAl and
(e) ZnAlCe LDH samples (The FT-IR spectra of ZnAl LDH and ZnAlCe LDH samples are adapted
from Refs. [24,34]).

After immersion in NaCl solution, the characteristic diffraction peaks corresponding to
carbonate-intercalated LDH structures remain visible in the XRD patterns (Figure 2b). The
characteristic peaks of simonkolleite are observed only on the HDG substrate, which are
not detected on modified LDH layers, suggesting that the LDH layers limit simonkolleite
formation. Similar to the unmodified LDH samples [24,34], additional peaks attributed to
ZnO crystalline phases are also detected, indicating the formation of ZnO on LDH layers
as a corrosion product [31].

3.1.3. XPS Results

To further examine the surface properties of modified LDH layers, XPS analy-
ses are performed before and after immersion for 168 h in 0.1 M NaCl, as shown in
Figures 3–5. Similar to the unmodified LDH layers, the XPS spectra of the HL-modified
samples display characteristic peaks assigned to O 1s, Zn 2p, Al 2p, and Ce 3d (for ZnAlCe
LDH/HL), with no significant changes in peak positions observed after modification with
HL (Figure 3) [24,34]. Notably, after treatment with the HL solution, new signals appear
at approximately 400 eV and 163 eV, attributed to the presence of N 1s and S 2p, respec-
tively (Figure 3). These results suggest the presence of HL molecules on the surface of the
LDH layers.

In comparison with the unmodified LDH layers [24,34], the O 1s, Zn 2p3/2, Al 2p,
and Ce 3d spectra show no significant changes (Figures 4 and 5). In the O 1s spectrum
(Figures 4c and 5c), the three peaks at about 533.1, 531.4, and 529.6 eV can be assigned
to carboxyl group, hydroxide group, and lattice O2− bonds of LDH [9,36]. The Zn 2p3/2

https://doi.org/10.3390/met16010115

https://doi.org/10.3390/met16010115


Metals 2026, 16, 115 7 of 20

spectra exhibit a primary peak at around 1022.4 eV, which is attributed to Zn–OH bond
(Figures 4e and 5e) [36]. The Al 2p spectra show two peaks at 75.5 and 74.4 eV, which are
related to Al–O and Al–OH bonds [24]. The Ce 3d spectrum for ZnAlCe LDH/HL exhibits
peaks in the ranges of about 918.1–898.1 eV and 894.9–880.1 eV, which are assigned to the Ce
3d3/2 and Ce 3d5/2, respectively (Figure 5g) [24,37]. The v, v3, and u multiples correspond
to the binding energies characteristic of Ce3+, while the v1, v2, u1, u2, and u3 multiples are
indicative of Ce4+, confirming that the coexistence of Ce3+ and Ce4+ oxidation states in the
modified LDH layers [24].

Figure 2. XRD patterns of HDG, ZnAl LDH/HL, ZnAlCe LDH/HL, ZnAl LDH and ZnAlCe LDH:
(a) before and (b) after 168 h immersion in NaCl solution. •: LDH; ♢: zinc; *: iron; #: zinc oxide;
and ■: simonkolleite (the XRD results of ZnAl LDH and ZnAlCe LDH samples are adapted from
Refs. [24,34]).
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Figure 3. XPS spectra survey of ZnAl LDH/HL, ZnAlCe LDH/HL, ZnAl LDH and ZnAlCe LDH
samples (a) before and (b) after 168 h immersion in NaCl solution (the XPS results of ZnAl LDH and
ZnAlCe LDH samples are adapted from Refs. [24,34]).

Compared with the unmodified LDH layers, the C 1s spectrum of the modified
samples exhibits notable differences. The spectrum can be resolved into four distinct peaks
centered at approximately 288.0, 287.5, 286.5, and 284.5 eV, which correspond to the bonds
between C and N, O, S atoms from HL molecules, and C–O/C=O bonds associated with
CO3

2− anions (Figures 4a and 5a) [30,38–40]. The N 1s spectrum shows two peaks at
399.8 eV and 398.4 eV, which are assigned to the N–H and N–C bonds, respectively, within
the HL molecules (Figures 4b and 5b) [38,39]. Additionally, the presence of a shoulder
peak at a binding energy higher than that of the N–H bond suggests increased nitrogen
oxidation states, indicating chemical adsorption of HL onto the LDH layer through nitrogen
atoms [41]. The high-resolution S 2p spectra display pronounced signals with noticeable
asymmetry, indicating the presence of sulfur atoms in two distinct chemical states. The
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peaks at 164.0 eV (S 2p1/2) and 162.5 eV (S 2p3/2) are attributed to the C=S bonds in the HL
molecules (Figures 4d and 5d) [42,43]. Moreover, a shoulder peak near 161.5 eV suggests
a chemical interaction between sulfur atoms and the LDH surface [43]. These features
confirm the incorporation of HL molecules within the LDH layers.

Figure 4. High resolution XPS spectra of ZnAl LDH/HL before and after immersion in NaCl: (a) C
1s, (b) N 1s, (c) O 1s, (d) S 2p, (e) Zn 2p3, and (f) Al 2p.

After 168 h of immersion, the characteristic peaks of the LDH layers (O 1s, Zn 2p, Al 2p,
and Ce 3d) remain observable, confirming their structural stability (Figure 3b). Additionally,
the observed C 1s, N 1s, and S 2p peaks also confirm the persistence of HL molecules within
the LDH layers (Figure 3b). It is noteworthy that the intensity of these peaks slightly
decreases after NaCl exposure, suggesting partial degradation (Figures 4 and 5). Similar
to the unmodified LDH layers [24], the Ce 3d spectrum of the ZnAlCe LDH/HL sample
exhibited multiple peaks corresponding to Ce 3d3/2 and Ce 3d5/2, indicating the presence
of both of Ce3+ and Ce4+ oxidation states after NaCl immersion (Figure 5g).

3.1.4. FE-SEM/EDS Results

FE-SEM and EDS are employed to characterize the morphology and elemental com-
position of the modified LDH samples. The FE-SEM results (Figure 6a,c) show that the
deposited layers are non-uniform. As seen in Figure 6(a1), the ZnAl LDH/HL phase
formed away from the HDG substrate consists of hexagonal plate-like crystallites, typical
of LDH structures. These crystallites are relatively similar in shape to those observed for
the unmodified ZnAl LDH layer [34]. The LDH layer directly formed on the HDG surface
(Figure 6(a2)) exhibits a rose petal-like nanostructure, where the hexagonal nanosheets
are tightly packed and interconnected. The nanosheets in the ZnAlCe LDH/HL layer are
randomly oriented and unevenly distributed over the surface (Figure 6c). Compared to
ZnAlCe LDH [24], this random orientation confirms that the HL modification did not sig-
nificantly alter the intrinsic growth behavior of the LDH nanosheets. EDS analysis (Table 1)
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indicates that, apart from the principal elements such as Zn, Al, O, and Ce in the ZnAlCe
LDH/HL sample, the modified LDH layers also contain detectable amounts of N and S
atoms. The presence of N and S confirms the successful adsorption of HL molecules on the
LDH surface, consistent with the XPS findings. Moreover, the relatively low concentrations
of N and S (below 1 wt%) indicate that HL molecules may be mainly located on the outer
surface of the LDH layers rather than intercalated within the interlayer galleries.

Figure 5. High-resolution XPS spectra of ZnAlCe LDH/HL before and after immersion in NaCl:
(a) C 1s, (b) N 1s, (c) O 1s, (d) S 2p, (e) Zn 2p3, (f) Al 2p, and (g) Ce 3d.

After 168 h of immersion, the SEM micrographs (Figure 6b,d) show that both ZnAl
LDH/HL and ZnAlCe LDH/HL layers remain relatively intact, although slight morpholog-
ical changes are observed. For the ZnAl LDH/HL sample, partial dissolution and thinning
of the nanosheets occur. This indicates that prolonged exposure to chloride solution gradu-
ally weakens the structural integrity of the LDH layer. In contrast, the ZnAlCe LDH/HL
coating exhibits a more compact and continuous morphology, with fewer visible defects.
The nanosheets appear more densely stacked, suggesting that the presence of Ce species
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contributes to improved structural stability and corrosion resistance. The presence of N and
S atoms remains detectable, suggesting that a portion of HL remains anchored to the LDH
surface, thereby contributing to the sustained corrosion inhibition of the modified layers.
All samples showed a rise in O content following exposure to the NaCl solution, indicating
the formation of oxygen-containing corrosion products such as ZnO, which aligns with the
XRD findings (Table 1). The continued detection of N and S atoms suggests that residual
HL molecules are still attached to the LDH surface.

 

Figure 6. SEM micrographs of (a) and (b) ZnAl LDH/HL before and after NaCl immersion, (c) and
(d) ZnAlCe LDH/HL before and after NaCl immersion.

3.2. Corrosion Protection of LDH Layers

For such conversion layers, continuous immersion testing is more appropriate, as it
allows direct monitoring of corrosion processes and inhibitor activity using electrochemical
techniques (OCP, polarization curves, and EIS). In contrast, salt spray testing is highly
accelerated and may cause premature degradation of thin conversion layers, making it less
suitable for mechanistic evaluation. Therefore, immersion testing is intentionally selected
to reliably assess the corrosion behavior and protection mechanism of the LDH conversion
coatings studied in this work.
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Table 1. EDS test results of ZnAl LDH and ZnAlCe LDH layers.

Sample
Element Content (wt%)

O Al Zn Ce Cl N S

Before immersion in NaCl

ZnAl LDH/HL 32.0 7.4 56.6 - - 0.9 0.4
ZnAlCe LDH/HL 35.8 9.6 44.1 6.2 - 1.0 0.4

After 168 h of immersion in NaCl

ZnAl LDH/HL 39.7 5.9 50.2 - 0.3 0.7 0.3
ZnAlCe LDH/HL 40.4 7.7 41.2 5.5 0.2 0.8 0.4

3.2.1. OCP Monitoring and Polarization Curves

The OCP evolution of HDG substrates, with and without modified LDH layers by
HL, is monitored during 168 h immersion in NaCl solution (Figure 7). The LDH-coated
samples exhibit more positive OCP values than the bare substrate. As shown in Figure 7,
the OCP values of the HDG substrate range from −1.03 V to −1.07 V, whereas those of
the LDH-coated samples range from −0.97 V to −1.01 V during the 168 h immersion.
Moreover, the modification leads to a positive shift in OCP for both LDH samples, with the
modified ZnAl LDH and modified ZnAlCe LDH showing higher OCP values than their
corresponding unmodified LDH layers [24,34]. This improvement is likely linked to the
gradual release of HL molecules from the LDH and their adsorption onto anodic regions,
thereby limiting the anodic dissolution process. Among the coatings, ZnAlCe LDH/HL
exhibit the highest OCP values, which can be ascribed to the discharge of cerium ions from
the LDH [24]. Acting as cathodic inhibitors, the cerium cations adsorb onto cathodic sites,
enhancing corrosion protection of the metal.

 

Figure 7. OCP variations with immersion time for HDG and LDH layers (the OCP results of ZnAl
LDH and ZnAlCe LDH samples are adapted from Refs. [24,34]).

The inhibition behavior of the LDH layers is assessed through polarization curves
after 24 h and 168 h of immersion (Figure 8). To provide a meaningful comparison, the
polarization curves of HDG substrates immersed in NaCl solution supplemented with
1 mM HL are analyzed alongside those of the HL-modified LDH coatings. The HL-
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modified LDH samples exhibit lower current densities compared to the bare HDG substrate,
indicating a significant reduction in the corrosion rate. Importantly, the current densities
of the HL-modified LDH samples are also consistently lower than those measured for the
corresponding unmodified LDH layers [24,34]. Furthermore, the current densities of the
HL-modified LDH coatings are noticeably lower than those of the HDG substrate immersed
in the HL-containing electrolyte, demonstrating that the LDH layers enhance the inhibitory
performance beyond that provided by the HL molecules alone. This improvement can be
attributed to the ability of LDH to act as both a reservoir and a controlled-release platform
for HL, ensuring sustained delivery of inhibitor species and providing an additional
physical barrier that restricts the transport of corrosive ions [6,23]. Notably, the current
density of the ZnAlCe LDH/HL layer is lower than that of the ZnAl LDH/HL layer during
immersion. In the case of ZnAlCe LDH/HL, a combined effect between HL anions and
cerium cations enhances the corrosion protection provided by the LDH layer.

Figure 8. Polarization curve after 24 h and 168 h of immersion: (a) HDG substrate in 0.1 M NaCl,
(b) HDG substrate in 0.1 M NaCl + 1 mM HL, (c) ZnAl LDH/HL sample in 0.1 M NaCl, (d) ZnAlCe
LDH/HL sample in 0.1 M NaCl, (e) ZnAl LDH sample in 0.1 M NaCl and (f) ZnAlCe LDH sample in
0.1 M NaCl (the results of ZnAl LDH and ZnAlCe LDH samples are adapted from Refs. [24,34]).

3.2.2. Electrochemical Investigations

EIS is employed to assess the influence of modified LDH layers by HL on the cor-
rosion resistance of the HDG substrate (Figure 9 and Table 2). In comparison with the
bare HDG substrate (reported in [3]), the presence of LDH layers markedly improves
corrosion protection. As summarized in Table 2, the impedance modulus at low frequency
(0.01 Hz) for the LDH-coated samples is approximately several times greater than that of
bare HDG [3]. Furthermore, the modified LDH layers exhibit higher impedance values at
low frequencies than their unmodified ones in previous studies, reflecting the additional
protective contribution of the incorporated HL inhibitor (Figure 10 and Table 2) [24,34]. In
agreement with the polarization measurements, the EIS results demonstrate that the con-
current presence of HL anions and cerium cations in LDH layer yields superior corrosion
protection (Table 2).

To quantitatively evaluate the corrosion behavior and elucidate the protective mecha-
nism of the LDH layers, the EIS spectra are analyzed by fitting to an appropriate electrical
circuit (EC). Similar to the pure LDH layers [24,34], three distinct time constants are ob-
served in the impedance responses of all modified LDH-coated samples; therefore, the
EC shown in Figure 9e is employed for fitting the EIS data. The Rf1 and Rf2 values of
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the modified LDH layers, which are associated with the barrier properties of the oxide
layer and the LDH layer, increase over the immersion period. Moreover, these values
are slightly higher than those of the unmodified LDH layers (Table 2) [24,34]. Notably,
after 168 h of immersion, the Rf1 and Rf2 values of the ZnAlCe LDH/HL layer are 1890
and 6402 Ω·cm2, respectively, representing markedly higher values than those obtained
for the ZnAl LDH/HL layer (Table 2). In parallel, the Qf1 (5.42 × 10−5 Ω−1·sn·cm−2)
and Qf2 (6.21 × 10−5 Ω−1·sn·cm−2) obtained for the ZnAl LDH/HL coating are signif-
icantly reduced in the ZnAlCe LDH/HL system (Qf1 = 4.02 × 10−6 Ω−1·sn·cm−2 and
Qf2 = 3.01 × 10−5 Ω−1·sn·cm−2). The pronounced increase in Rf together with the marked
reduction in Qf values indicate a substantial enhancement in the corrosion protection
afforded by the ZnAlCe LDH/HL coating. It should be noted that the decrease in Qf,
combined with the n values shifting towards 0.5, reflects a more complex barrier layer
where diffusion-controlled processes within the LDH matrix contribute to the overall
protection, underscoring the combined beneficial contributions of HL anions and cerium
cations [18,24].

 

Figure 9. EIS spectra of (a,b) ZnAl LDH/HL layer, (c,d) ZnAlCe LDH/HL layer during 168 h
immersion in NaCl, and (e) EC for fitting of EIS data.
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Table 2. The circuit fitted parameters of LDH layers (The results of ZnAl LDH and ZnAlCe LDH samples are adapted from Refs. [24,34]).

Samples Time (h) Qf1
(Ω−1·sn·cm−2) nf1

Rf1
(Ω·cm2)

Qf2
(Ω−1·sn·cm−2) nf2

Rf2
(Ω·cm2)

Qdl
(Ω−1·sn·cm−2) n Rct (Ω·cm2) |Z|10mHz

(Ω·cm2)

ZnAl
LDH/HL

2 1.61 × 10−5 0.72 188 2.15 × 10−5 0.80 5166 1.95 × 10−4 0.81 7430 10,921
24 1.89 × 10−5 0.71 268 3.25 × 10−5 0.82 5846 2.85 × 10−4 0.83 10,360 13,788
72 4.38 × 10−5 0.64 319 5.74 × 10−5 0.73 6041 4.57 × 10−4 0.80 9840 13,039

168 5.42 × 10−5 0.62 332 6.21 × 10−5 0.71 6025 5.85 × 10−4 0.80 7810 12,434

ZnAlCe
LDH/HL

2 4.25 × 10−6 0.88 1771 1.45 × 10−5 0.54 5312 1.15 × 10−4 0.84 20,670 18,448
24 4.29 × 10−6 0.89 1802 1.49 × 10−5 0.55 6001 1.18 × 10−4 0.85 21,260 18,533
72 4.30 × 10−6 0.90 1889 2.05 × 10−5 0.55 6325 1.20 × 10−4 0.89 23,210 20,097

168 4.02 × 10−6 0.90 1890 3.01 × 10−5 0.55 6402 1.22 × 10−4 0.89 26,010 21,663

ZnAl LDH
2 1.89 × 10−5 0.7 182 2.34 × 10−5 0.85 4803 1.08 × 10−3 0.75 6071 9927

24 3.01 × 10−5 0.74 489 7.24 × 10−5 0.75 4087 1.32 × 10−3 0.83 8777 8615

ZnAlCe
LDH

2 5.17 × 10−6 0.88 1684 1.65 × 10−5 0.55 4926 2.89 × 10−4 0.73 11,640 13,049
24 5.71 × 10−6 0.88 1609 2.02 × 10−5 0.52 5033 1.74 × 10−4 0.71 10,920 12,664
72 5.94 × 10−6 0.88 1630 1.84 × 10−5 0.53 5152 1.27 × 10−4 0.82 18,700 18,282

168 3.30 × 10−6 0.90 1709 4.45 × 10−5 0.55 5370 1.37 × 10−4 0.90 25,340 21,078
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Figure 10. The values |Z|10mHz of HDG substrate and LDH layers during exposure time (the values
|Z|10mHz of ZnAl LDH and ZnAlCe LDH samples are adapted from Refs. [24,34]).

The ZnAlCe LDH/HL sample demonstrates higher resistance Rct and lower CPEdl

parameter, indicating better protective properties than that of the ZnAl LDH/HL sam-
ple during 168 h (Table 2). For the ZnAl LDH/HL layer, the Rct values increased from
7430 Ω·cm2 at 2 h to 10,360 Ω·cm2 at 24 h, followed by a decrease to 7810 Ω·cm2 after
168 h (Table 2). The initial increase in Rct values can be ascribed to the release and ad-
sorption of HL anions from the LDH layer onto the metal interface, forming a barrier that
impedes electron transfer [10,44]. However, the subsequent decrease in Rct values with
prolonged immersion may be related to a gradual depletion or leaching of HL inhibitor,
together with electrolyte penetration through coating defects, leading to the breakdown of
the protective layer and a reduction in corrosion protection efficiency [10,44]. The ZnAlCe
LDH/HL layer exhibits Rct values of 20,670 and 21,260 Ω·cm2 after 2 h and 24 h, respec-
tively, which are nearly double those measured for the unmodified ZnAlCe LDH [24]. The
Rct of the ZnAlCe LDH/HL layer increases to 26,010 Ω·cm2 after 168 h, but this value only
slightly exceeds that of the unmodified HT layer. Similar to the ZnAl LDH/HL sample,
these results suggest that the improved inhibition at the beginning of immersion may be
attributed to the contribution of HL molecules. Nevertheless, the long-term protective per-
formance may be more related to the presence of cerium, which promotes the precipitation
of cerium oxides/hydroxides at cathodic regions and enhances the structural integrity of
the LDH matrix [24,45,46].

4. Discussion
XRD analysis of modified LDH samples reveals no shift or appearance of new (003)

and (006) reflections, indicating that HL molecules are not intercalated within the LDH
layers. However, the XPS spectra display distinct N 1s and S 2p signals, confirming the
presence of HL at the outer surface of LDH layers. These results suggest that HL molecules
are mainly adsorbed onto the surface rather than incorporated into the LDH crystal lattice.
In this work, the modified LDH-coated samples display significantly improved corrosion
resistance relative to the HDG substrates. Importantly, the LDH layers developed in this
study show higher protective performance than previously reported unmodified LDH
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ones [24,34]. The corrosion protection of LDH layers is attributed to the physical barrier
effect, which prevents direct exposure of the HDG substrate to chloride ions from the
corrosive medium [23,31].

At the early stages of immersion in NaCl, the beneficial role of HL becomes particularly
evident. Compared with the unmodified LDH sample, the HL-modified layers exhibited
more positive OCP values, which can be attributed to the initial release of HL molecules
from the LDH surface, which rapidly adsorb onto anodic sites of the metal substrate and
suppress the anodic dissolution process (Figures 7 and 8). In parallel, EIS measurements
reveal that the impedance modulus at low frequencies is significantly higher for the HL-
modified layers than for their unmodified ones, further confirming that the enhanced
barrier properties are provided by the presence of HL (Figures 9 and 10) [24,34]. However,
after prolonged immersion, the protective effect of the ZnAl LDH/HL layer gradually
decreases. This decline can be correlated with the leaching of HL molecules from the LDH
surface, which diminishes the reservoir of active inhibitor available for re-adsorption at
anodic sites. Concurrently, electrolyte ingress through coating defects compromises the
structural integrity of the protective layer and reduces its long-term corrosion resistance.

In contrast, the corrosion protection of the ZnAlCe LDH/HL layer increases pro-
gressively with immersion time, highlighting the beneficial role of cerium incorporation
(Figure 8). Our previous study indicates that the presence of cerium species contributes
to a more compact and defect-tolerant coating, where cerium compounds can partially
block nanoscale pores and microdefects within the LDH structure, thereby hindering
chloride ion diffusion toward the substrate [24]. Considering the solubility products
of Zn(OH)2 (1.2 × 10−17), Al(OH)3 (1.3 × 10−33), Ce(OH)3 (1.6 × 10−20), and Ce(OH)4

(2.0 × 10−48) in aqueous solution at 10–20 ◦C, it is evident that Ce3+/Ce4+ and Al3+ ions
tend to precipitate as hydroxides more readily than Zn2+ [24]. As a result, when localized
coating damage occurs, cerium hydroxides can deposit within the defective regions and
on the exposed HDG substrate surface, sealing the active sites and mitigating localized
corrosion. The precipitation of cerium cations can be described by the following reactions,
Equations (1)–(4) [45,46]. The transformation of cerium hydroxides into their oxide coun-
terparts can proceed through the reactions outlined in Equations (5) and (6), leading to
the formation of stable CeO2 phases within the LDH layer [24,45]. The incorporation
of HL together with cerium enhances the corrosion resistance of the LDH layer. Specifi-
cally, HL improves the initial protective performance, whereas cerium species maintain
long-term stability by precipitating as insoluble hydroxide/oxide phases. These deposits ef-
fectively block active sites and damaged regions, thereby providing a sustained self-healing
capability to LDH layer.

Ce3+ + 3 OH− → Ce(OH)3 (1)

Ce4+ + 4 OH− → Ce(OH)4 (2)

4 Ce3+ + 4 OH− + O2 + 2 H2O → 4 Ce(OH)2
2+ (3)

Ce(OH)2
2+ + 2 OH− → Ce(OH)4 (4)

2 Ce(OH)3 → Ce2O3 + 3 H2O (5)

Ce(OH)4 → CeO2 + 2 H2O (6)

5. Conclusions
The structural analyses collectively demonstrate that HL interacts with the outer

surface of ZnAl and ZnAlCe LDH layers rather than entering their interlayer galleries.
The adsorption of HL on the LDH surface improves the compactness and integrity of
the layers, thereby enhancing its corrosion-inhibiting performance. Among all layers, the
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ZnAlCe LDH/HL sample exhibits the highest impedance values and the lowest corrosion
current density. The incorporation of Ce plays a crucial complementary role: cerium species
contribute to the densification and stabilization of the LDH structure and can precipitate as
cerium oxides/hydroxides at cathodic regions, sealing defects and imparting long-term
self-healing protection. The combined action of HL adsorption and Ce-based barrier forma-
tion provides an effective route for improving the corrosion protection of LDH layers on
HDG substrate.
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