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The Figure shows the synthesis process of TA/8-HQ@LDH-DE fillers, the spraying operatlon on the surface of Q235 carbon steel and
the reaction process between the ruptured microcapsules and rusts.
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ABSTRACT: Steel corrosion in humid and saline environments severely threatens infrastructure service durability, while
traditional coatings exhibit poor adhesion to rusted steel substrates. Herein, we fabricate a multifunctional anticorrosive filler via
facile co-precipitation to in-situ grow Ni-Co layered double hydroxides (LDH) on diatomite (DE). Tannic acid (TA) acts dually as
an efficient rust converter that converts iron oxides into stable iron tannate complexes, and a nucleation regulator for
homogeneous LDH growth. The corrosion inhibitor 8-hydroxyquinoline (8-HQ) is anchored onto the LDH-DE skeleton via weak
electrostatic and coordination interactions, achieving stimuli-responsive sustained release in corrosive media. When embedded
into EP resin, the prepared TA/8-HQ@LDH-DE filler realizes hierarchical anticorrosion effects: physical barrier blocking ion
penetration, in-situ rust conversion at steel coating interface, and stimuli-responsive inhibitor release to passivate active
corrosion sites. Combined electrochemical impedance spectroscopy (EIS) tests and molecular dynamics simulations verify its
outstanding anticorrosion performance on rusted Q235 steel. Notably, the TA/8-HQ@LDH-DE/EP coating containing 20 wt.%
filler maintained the |Z|o.011. value of 4.52 x 108 Q-cm? after 40 days of immersion, approximately two orders of magnitude higher
than that of the EP coating. This work provides a scalable strategy for integrating passive barrier protection, interfacial rust
stabilization, and active intelligent anticorrosion functions toward durable protection of rusted steel substrates.

KEYWORDS: rust conversion coating; controlled corrosion inhibition; synergistic anti-corrosion; diatomite microcapsule; tannic
acid modification; 8-HQ corrosion inhibitor

) However, their rapid consumption limits long-lasting
1 Instructions corrosion protection. To address this limitation, active
Steel is widely used for its high performance and low cost corrosion protection strategies incorporating smart
but is prone to corrosion in humid and saline environments nanocontainers capable of on-demand inhibitor release have
[1-3]. Chloride ions and moisture penetrate the steel surface, emerged as a promising approach [23].
triggering electrochemical dissolution that progressively Layered double hydroxides (LDHs) have attracted
undermines structural integrity [4-6]. On rusted steel, the ., qiderable attention in corrosion protection owing to their
porous and loosely adherent rust layer not only weakens the  pique two-dimensional layered structure, tunable chemical
interfacial adhesion between the coating and the substrate, composition, and large specific surface area, which enable
but also creates local.ized micro-environm.ents that  efficient intercalation, storage, and controlled release of
accelerate further corrosion beneath the coating [7-12]. corrosion inhibitors. Moreover, the positively charged
Conventional protective - coatings, {ncludlng w1dely used  hydroxide layers and exchangeable interlayer anions endow
epoxy systems, act primarily as physical barriers against the | pyys with excellent ion-exchange capability, allowing them
ingress of corrosive ions and moisture, and perform well on to actively capture aggressive chloride ions and release
clt.ean steel surfaces [13-15]. However, they fundamtler.ltally protective species in response to corrosive environments.
fail on pre-corroded surfaces because they lack the ability to rpese characteristics make LDHs ideal nanocontainers for

chemically stabilize the underlying rust layer, leading to e construction of smart self-healing anti-corrosion systems
premature delamination and coating breakdown [16-18]. [24-26].

Rust converters such as tannic acid (TA) can chelate iron
ions to stabilize rust and improve adhesion [19-22].
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material, has emerged as an attractive support for
multifunctional anti-corrosion fillers due to its highly porous
hierarchical architecture, excellent mechanical stability, low
density, and abundant surface hydroxyl groups. The hollow
cavity structure of DE not only provides additional loading
sites for functional molecules but also facilitates the efficient
encapsulation and sustained release of active species,
thereby enhancing the overall protective performance and
long-term durability of composite coatings [27-29].

In-situ growth of Ni-Co LDH nanosheets on DE yields a
stable hierarchical structure, which provides abundant
active sites for subsequent modification and corrosion
inhibitor loading [30-32]. TA can coordinate with metal ions
on the LDH surface, improving interfacial compatibility, and
converts unstable rust into stable and dense complexes,
achieving passivation and stabilization of corrosion products
[33]. Loading the fluorescent corrosion inhibitor 8-
hydroxyquinoline (8-HQ) into the interlayers of LDH-DE
endows the system with controlled-release capability,
allowing sustained release of the inhibitor in the local
microenvironment of the coating, effectively inhibiting
corrosion propagation and enhancing the active anti-
corrosion performance of the coating system [34-36].

This work introduces a novel multifunctional
anticorrosion filler, which is prepared as follows: LDH
nanosheets were grown in situ on DE, functionalized with TA
for rust conversion, and loaded with 8-HQ as a corrosion
inhibitor. The hybrid filler (TA/8-HQ@LDH-DE) was
incorporated into epoxy resin to prepare composite coatings
that can be directly sprayed onto rusted Q235 carbon steel.
This design combines passive barrier protection and active
corrosion protection: the lamellar LDH and porous DE form
a compact barrier, while TA achieves rust conversion and 8-
HQ provides sustained release, greatly improving the long-
term anticorrosion performance. The method is simple and
suitable for large-area spraying, offering an innovative
strategy for the protection of rusted steel. Systematic studies
on the structure-performance relationship and corrosion
mechanism are essential to promote its practical
engineering applications.

2 Experimental
2.1 Materials

Nickel nitrate hexahydrate (Ni(NO3).:6H20) and cobalt
nitrate hexahydrate (Co(NO3)2-6H.0) were purchased from
Shanghai Aladdin Reagent Co., Ltd. Urea (CO(NHz)2), ethanol
and ethyl acetate were bought from Chongqing Huanghui
Sales Co., Ltd. 8-

Chemical Hazardous Materials

hydroxyquinoline (8-HQ) and (TA) were obtained from
Shanghai Maclin Biochemical Technology Co. Ltd. Epoxy
resin and curing agent were purchased from Wuxi
Qianguang Chemical Raw Materials Co., Ltd. Q235 steel
substrates (8x8x2 mm) were purchased from Deno Steel.
Deionized water was prepared in the laboratory.

2.2 Preparation of active fillers

2.2.1 Preparation of LDH-DE filler

For the synthesis of LDH-DE, 0.519 g NH4F and 0.432 g urea
were first dissolved in 60 mL of deionized water under
magnetic stirring to form a homogeneous solution.
Subsequently, 0.058 g Co(NO3)6H:0, 0.174 g
Ni(NO3)2:6H:0, and 0.06 g DE were sequentially introduced,
followed by continuous stirring for 30 min to obtain a
uniformly dispersed precursor suspension. The suspension
was then transferred into a 100 mL Teflon-lined stainless-
steel autoclave and maintained at 120°C for 12 h in a
hydrothermal reactor, during which Ni-Co LDH nanosheets
were in situ grown on the DE surface. After naturally cooling
to room temperature, the product was collected for
subsequent purification and drying. To ensure sample
consistency and reproducibility, the synthesis was repeated
several times under identical conditions to obtain sufficient
material for further characterization and coating
preparation.

2.2.2 Preparation of TA/LDH-DE filler

The TA/LDH-DE composite was prepared by surface
functionalization of the as-prepared LDH-DE with TA.
Specifically, 2.5 g of TA was dissolved in 50 mL of deionized
water under magnetic stirring in a 50°C water bath until a
clear solution was obtained. A 1 mol/L NaOH solution was
then slowly added dropwise to adjust the pH of the solution
to 4-6. Subsequently, 3-4 g of the pre-synthesized LDH-DE
composite was added, and the mixture was stirred at 40°C
for 4 h to ensure sufficient TA loading and surface
modification. After the reaction, the product was separated,
washed, and dried to obtain the TA/LDH-DE composite.

2.2.3 Preparation of TA/8-HQ@LDH-DE filler

The TA/8-HQ@LDH-DE composite was prepared by using
the as-synthesized TA/LDH-DE as the carrier via an
adsorption-assisted loading method. Typically, equal masses
of 8-HQ and TA/LDH-DE (0.5-1.0 g each, depending on the
target yield) were dispersed in 50-100 mL of distilled water
under magnetic stirring for 30-60 min to form a
homogeneous suspension. The suspension was subsequently
ultrasonicated for 10-15 min to enhance dispersion and
promote the loading of 8-HQ into the porous TA/LDH-DE
structure. The resulting suspension was then transferred to

Fig. 1 MD modeling of (a) EP, (b) LDH-DE/EP, (c) 8-HQ@LDH-DE/EP and (d) TA/8-HQ@LDH-DE/EP.
2/18
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a vacuum drying oven and dried at 60°C under -0.08 MPa for
12 h, allowing solvent removal and effective immobilization
of 8-HQ within the TA/LDH-DE carrier. After drying, the
system was slowly returned to atmospheric pressure and
allowed to stand for 1 h to stabilize the composite structure
and minimize structural damage caused by rapid pressure
release. The obtained solid was then gently ground to reduce
agglomeration and stored in a dry environment for
subsequent use, denoted as TA/8-HQ@LDH-DE.

2.2.4 Preparation of composite coatings

Pre-rusted Q235 carbon steel was used as the substrate. To
simulate rusted-surface coating conditions, the substrate
was subjected only to simple mechanical surface treatment.
Specifically, the surface was sequentially ground with 600,
800, and 1000 grit silicon carbide sandpapers to remove
loosely adhered rust layers and surface contaminants while
retaining the firmly bonded residual rust layer. The treated
specimens were then ultrasonically cleaned in absolute
ethanol and preheated at 120°C prior to coating application.
For the preparation of the EP coating solution, 1.5 g of E51
EP resin and 1.5 g of curing agent were dissolved in 15 mL of
ethyl acetate to obtain the EP base solution. The resulting
solution was directly applied onto the mechanically treated
rusted Q235 carbon steel surface by high-pressure spraying,
followed by curing at 150°C for 2 h to obtain the pure EP
coating. The curing temperature (150°C, 2 h) was selected to
ensure complete crosslinking of the epoxy coating and does
not induce significant phase transformation of the pre-
rusted layer during the relatively short curing period. For
the preparation of the composite coatings, 0.30 g, 0.60 g, and
1.20 g of functional fillers (LDH-DE, TA/LDH-DE, or TA/8-
HQ@LDH-DE) were separately added into the above EP base
solution. After sufficient dispersion, the mixtures were
directly spray-applied onto the rusted steel surface using the
same spraying and curing conditions as those for the pure

EP coating. During sample preparation, all coatings were
fabricated under identical spraying conditions, including the
same substrate preparation procedure, spraying distance,
coating passes, and curing conditions, to minimize the
influence of thickness wvariation on the anti-corrosion
comparison. As shown in Fig S2, the average thicknesses of
pure EP, 10 wt.%, 20 wt.%, and 40 wt.% TA/8-HQ@LDH-
DE/EP coatings were approximately 117, 118, 119, and 123
um, respectively. All coatings exhibited comparable
thicknesses within the range of approximately 117-125 pm,
indicating that the thickness variation among different
groups was limited. Therefore, the differences in anti-
corrosion performance among various coatings can be
mainly attributed to the contribution of the TA/8-HQ@LDH-
DE filler rather than the variation in coating thickness. The
obtained composite coating samples were denoted as LDH-
DE/EP, TA/LDH-DE/EP, and TA/8-HQ@LDH-DE/EP,
respectively.
2.3 Simulation of barrier properties
Molecular dynamics (MD) simulations were performed using
Materials Studio to evaluate the barrier performance of the
TA/8-HQ@LDH-DE/EP composite coating. The amorphous
coating models were constructed using the Amorphous Cell
module, and periodic boundary conditions were applied in
all three spatial directions [37-39]. All models were built in
orthorhombic simulation cells, with the lattice angles fixed at
a = B =y = 90° to ensure consistency in structural
construction and improve the reliability and comparability
of the simulation results, as schematically illustrated in Fig. 1.
Fig. 1 shows the schematic diagram of the MD simulation
models for EP, LDH-DE/EP, 8-HQ@LDH-DE/EP, and TA/8-
HQ@LDH-DE/EP.

Four coating models with different compositions were
established for comparative MD simulations: (i) a pure EP
model (24.9x24.9x24.9 A3), containing 20 EP molecules, 3
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Fig. 2 SEM images: (a) DE, (b1-b3) LDH- DE, (c1-c3) TA/LDH-DE, (d1-d3) TA/8-HQ@LDH-DE; (e-j) EDS pattern of TA/8- HQ@LDH- DE; (k) and (1)
FTIR and XRD diffraction peaks of DE, 8-HQ, LDH-DE, TA/LDH-DE, and TA/8-HQ@LDH-DE; (m) N; adsorption/desorption isotherms of DE, LDH-
DE, TA/LDH-DE and TA/8-HQ@LDH-DE; (n) Schematic diagram of the synthesis of TA/8-HQ@LDH-DE material.
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CI7, 3 H20 molecules, and 1 02 molecule; (ii) an LDH-DE/EP
model (26.5x26.5x26.5 A3), consisting of 18 EP molecules, 2
LDH-DE units, 3 CI7, 3 H20 molecules, and 1 Oz molecule; (iii)
TA/LDH-DE/EP model (27.2x27.2x27.2 A3), consisting of 18
EP molecules, 2 TA/LDH-DE units, 3 CI7, 3 H20 molecules,
and 1 Oz molecule; and (iv) a TA/8-HQ@LDH-DE/EP model
(26.2x26.2x26.2 A3), consisting of 18 EP molecules, 2 TA/8-
HQ@LDH-DE units, 3 CI5, 3 H:0 molecules, and 1 O:
molecule. By comparing the diffusion behavior of aggressive
species in these systems, the role of functional fillers in
regulating the barrier performance of the EP coating can be
systematically revealed.

To ensure direct comparability among the simulation
systems, all coating models were constructed with the same
number of aggressive species, namely 3 CI7, 3 H20 molecules,
and 1 02 molecule. Prior to the formal MD simulations,
energy minimization was performed for all models to
eliminate unfavorable contacts in the initial configurations
and relieve internal stress within the systems. The structural
optimization was carried out using the Smart Minimizer
algorithm in combination with the conjugate gradient
method to ensure adequate energy convergence.
Subsequently, MD simulations were performed in the NPT
ensemble at 298 K and 1 atm using the COMPASS II force

equilibrium, each model was equilibrated under NPT
conditions for 300 ps. After equilibration, the barrier
performance and anticorrosion mechanism of the different
coating systems were evaluated by analyzing the mean
square displacement (MSD) of aggressive species (Hz0, O,
and CI") within the coating matrix, together with the
fractional free volume (FFV) of the coatings. These analyses
provide molecular-scale insights into the enhanced barrier
effect imparted by the TA/8-HQ@LDH-DE filler in the EP
coating.

2.4 Characterization of the active filler

Fourier transform infrared spectroscopy (FTIR) was
employed to analyze the changes in functional group
structures of DE, 8-HQ, LDH-DE, TA/LDH-DE, and TA/8-
HQ@LDH-DE. The crystal structures of the samples were
characterized by X-ray diffraction (XRD, Shimadzu XRD-
7000, Cu Ka radiation, 26 = 5-80°, scanning rate of 5°/min).
X-ray photoelectron spectroscopy (XPS) was used to
investigate the surface elemental composition and chemical
states of the samples. The surface morphology, internal
structure, and evolution of the microstructure were
observed by field-emission scanning electron microscopy
(FE-SEM), combined with energy-dispersive X-ray
spectroscopy (EDS) for elemental mapping and distribution
analysis. Thermogravimetric analysis (TGA, LS00-HS-TGA-
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field. Both van der Waals interactions and long-range
electrostatic interactions were considered during the
simulations, with the electrostatic cutoff distance set to 10 A.
To ensure that all systems reached a stable thermodynamic

101, under N atmosphere, heating rate of 10°C/min) was
carried out to evaluate the thermal stability of the composite
corrosion inhibitor and determine the loading content of 8-

HQ.
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3 Results and discussion

3.1 Analysis of the surface morphology and chemical
structure of fillers

The micromorphology of DE wupon stepwise surface
modification was characterized by SEM and EDS (Fig. 2(a-j)).
Pristine DE exhibits a hollow shell morphology of 30-40 pm
with a porous surface, providing abundant active sites for
corrosion inhibitor loading. After in-situ hydrothermal
growth of LDH (Fig. 2(b)), the DE surface is uniformly
covered by flaky nanocrystals, indicating successful LDH
growth and successful functionalization of the support.
Following TA modification (Fig. 2(c1-c3)), a wrinkled organic
thin film forms on the sample surface, while the layered LDH
structure remains intact without obvious damage. After
loading 8-HQ (Fig. 2(di-dz)), the morphology is highly
similar to that of TA/LDH-DE, with no structural collapse or
agglomeration, confirming the successful introduction of 8-
HQ without damaging the support structure, which is
favorable for the stable loading and controlled release of the
corrosion inhibitor. The EDS results show uniform
distribution of cobalt and nickel, along with a characteristic
nitrogen signal, confirming the successful growth of LDH and
effective loading of 8-HQ.

As shown in Fig. 2(k), Fourier-transform infrared
spectroscopy (FTIR) was used to characterize DE, 8-HQ,
LDH-DE, TA/LDH-DE, and TA/8-HQ@LDH-DE. DE showed
Si-0-Si (1095 cm™) and Si-OH (793 cm) peaks (SiO:
framework). 8-HQ exhibited aromatic C-H (3044 cm™) and
quinoline ring C=C/C=N (1580 cm!) peaks. LDH-DE
displayed -OH (3460 cm™), O-H bending (1640 cm™), and
NO3" N-O (1395 cm?) peaks, confirming LDH loading.
TA/LDH-DE had a TA-derived C=0 peak (1714 cmd),
indicating successful TA grafting. TA/8-HQ@LDH-DE
showed all characteristic peaks of the above components,

(a (b
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As presented in Fig. 2(1), XRD results demonstrate the
successful in-situ growth of LDH on DE. The sample exhibits
characteristic diffraction peaks of both SiO; and LDH. After
TA modification and 8-HQ loading, the diffraction peak
intensity of LDH decreases and the peaks become broadened,
while the layered framework structure remains intact.
Moreover, upon 8-HQ loading, the diffraction peaks of the
composite filler are further reduced, and no obvious
crystalline peaks of free 8-HQ are observed, indicating that
8-HQ exists in an amorphous or highly dispersed state.
Collectively, these results confirm the successful
construction of the TA/8-HQ@LDH-DE composite filler.

BET analysis further reveals the evolution of pore
structure during the stepwise modification process, as
presented in Fig. 2(m). Pure DE exhibits a specific surface
area of 0.9804 m?/g, indicating limited accessible pore
structure despite its inherent porous framework [40-43].
After in-situ growth of LDH, the specific surface area of LDH-
DE increases significantly to 8.7674 m?/g with a reduced
average pore diameter, suggesting that LDH nanosheets
introduce abundant interlayer gaps and pore channels.
Following TA modification, TA/LDH-DE retains a relatively
high specific surface area of 8.0713 m?/g, while its pore
volume and average pore diameter decrease to 0.007472
cm®/g and 5.3024 nm, respectively, implying that TA mainly
occupies partial pore space without significantly destroying
the framework structure. Upon further loading of 8-HQ, the
specific surface area, pore volume and average pore
diameter of TA/8-HQ@LDH-DE further decline to 2.5836
m?/g, 0.001250 cm3®/g and 1.9353 nm, respectively,
demonstrating that 8-HQ fills the remaining pore channels.
The N; adsorption-desorption data of DE, LDH-DE, TA/LDH-
DE and TA/8-HQ@LDH-DE are listed in Table S1. Overall, the
systematic changes in BET parameters confirm the

100
X
< 9
S 80 5
) (0]
270 ;3
é 60K | TA/LDH-DE - 3
.03
‘» 50 —T6G =
& ——DTG
40 " " " " _08
200 400 600 800 1000
) Temperature (C)
100
[y 8-HQ@LDH-DE _ ,./*4*_:_:
S Mt S
[ < = =
> =/ 3-3—3—9
= 60 @ 5=
= < J
‘—; e :/:/ —0-0-9—
g sl & ¥ o s iai—3
= 7 %" ;-7 TAis-HQ@LDH-DE
O 2ofz77 " —o—pH=4
cor i —0—pH=7
0 s . . pH=11
0 10 20 30 40 50
Time (h)

Fig. 4 TG and DTG curves of (a) 8-HQ, (b) TA/LDH-DE, (c) TA/8-HQ@LDH-DE, (d) pH-dependent release properties of TA/8-HQ@LDH-DE

microcapsules.

verifying successful construction of the composite filler.

successful stepwise assembly of LDH, TA and 8-HQ. The
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schematic diagram of the synthesis of TA/8-HQ@LDH-DE
material is shown in Fig. 2(n).

To further analyze the chemical structure of the as-
prepared filler, X-ray photoelectron spectroscopy (XPS) was
performed, as shown in Fig. 3. Pure DE exhibited
characteristic Si-O peaks of Si 2p and O 1s, providing a
stable substrate for subsequent modification. After loading
NiCo-LDH, the M-OH peak in O 1s was significantly
enhanced, accompanied by the appearance of Ni 2p, Co 2p
and their corresponding satellite peaks, confirming the
successful in-situ growth of NiCo-LDH on the DE surface
with stable Ni** and Co?'/Co®* valence states. After
modification with TA, the peak areas of C-0 and 0-C=0 in C
1s increased remarkably, indicating that TA was grafted onto
LDH via coordination through phenolic hydroxyl groups.
Upon final loading of 8-HQ, a characteristic N 1s peak
emerged for the first time, directly verifying the successful
immobilization of 8-HQ. The Si 2p peak shape remained
stable throughout the process, and the gradual shift in the
binding energies of Ni/Co 2p further validated the
coordination interaction between organic components and
LDH. In summary, the XPS results fully confirm the
successful synthesis of the TA/8-HQ@NiCo-LDH-DE
composite filler.

3.2 Analysis of the chemical structure and thermal
stability of filler

Thermogravimetric analysis (TGA) of the composite filler
was carried out from 25 to 1000 ‘C to evaluate its thermal
stability and estimate the loading content of 8-HQ, as
presented in Fig. 4. DE exhibits high thermal stability; thus,

the mass loss of the samples mainly arises from the removal
of adsorbed/interlayer water and the decomposition of
organic components [44, 45]. Pure 8-HQ starts to
decompose at approximately 115°C, with the main
decomposition completed at around 220°C, indicating low
thermal stability. TA/LDH- DE shows multistage weight loss
with a char residue of 29.33% at 1000°C, primarily
attributed to water removal, dehydroxylation of LDH layers,
and decomposition of TA. Similarly, TA/8-HQ@LDH-DE
displays multistage weight loss but exhibits an additional
weight loss within the decomposition temperature range of
8-HQ, confirming the successful loading of 8-HQ. Its char
residue at 1000°C increases to 54.93 wt.%, which is
significantly higher than that of TA/LDH-DE. This elevated
thermal residue suggests enhanced organic-inorganic
interfacial interactions and increased carbonaceous residues,
further verifying the successful construction of the
composite filler. Based on the characteristic weight-loss
behaviors of 8-HQ and TA/LDH-DE, together with the overall
thermogravimetric profile of the TA/8-HQ@LDH-DE
composite filler, the loading content of 8-HQ was calculated
using Equations (1) and (2). Herein, Mrta/pn-pe and Ms.ng
represent the mass fractions of TA/LDH-DE and 8-HQ,
respectively. According to the mass-loss difference method,
the loading amount of 8-HQ was determined to be 25.97
wt.%, while the remaining 74.03 wt.% was attributed to the
TA/LDH-DE framework. The corresponding calculation
results and detailed data are summarized in Table S2. Thus,
the TGA results confirm from both thermal behavior and
quantitative analysis that 8- HQ has been successfully loaded
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into the TA/LDH- DE carrier.

89.95% X Mya/pn-pE +29.33% X Mg_po = 45.07%#(1)
My ajipn-pe + Mg_pg = 100%#(2)

As shown in Fig. 4(d), the slower release of 8-HQ after TA
modification can be attributed to the formation of stronger
chemical interactions between TA and the LDH-DE matrix.
TA, with its polyphenolic structure, can create strong
hydrogen bonds and coordinate with metal ions in the LDH,
enhancing the stability of the structure. These chemical
bonds between TA and the LDH-DE matrix effectively trap 8-
HQ within the system, slowing its release. In contrast,
without TA, 8-HQ is more weakly adsorbed, leading to a
faster release. Meanwhile, 8-HQ exhibits pH-responsive
sustained release behavior. As shown in Fig. 4 (d), both 8-
HQ@LDH-DE and TA/8-HQ@LDH-DE exhibit a typical two-
stage release behavior, consisting of an initial rapid release
stage followed by a gradual sustained-release stage. For
TA/8-HQ@LDH-DE, the release amount strongly depends on
the surrounding pH environment. Under acidic conditions
(pH = 4), the Ni-Co LDH layers are partially dissolved due to
the attack of H* ions, resulting in the destruction of the LDH-
based nanocontainer structure and the fastest release of 8-
HQ. Under alkaline conditions (pH = 11), the increased OH~

(@)

Time
Category

EP

10wt.%TA/8-HQ@LDH-DE/EP

concentration influences the interlayer anion exchange
equilibrium of LDH, thereby promoting the diffusion and
release of partially loaded 8-HQ molecules. In contrast,
under neutral conditions (pH = 7), the relatively stable LDH
layered structure and strong interaction between the loaded
inhibitor and carrier effectively retard inhibitor diffusion,
leading to a sustained-release behavior. Therefore, the
different release profiles under various pH environments
confirm the pH-responsive sustained release capability of
the TA/8-HQ@LDH-DE filler.

3.3 Analysis of the Electrochemical Properties of
Composite Coatings

Electrochemical Impedance Spectroscopy (EIS) was
employed to characterize various coating systems, as shown
in Fig. 5, with the low-frequency impedance modulus |Z|o.01Hz,
capacitive arc radius in Nyquist plots, and coating resistance
Rc derived from equivalent circuit fitting used as key
indicators for corrosion resistance [46-48]. Among these
parameters, Rc serves as a key indicator for characterizing
coating compactness and resistance to corrosive medium
penetration—a higher Rc value signifies a denser coating
structure and stronger anti-penetration performance. Long-
term immersion tests were carried out in 3.5 wt.% NaCl
solution at 25°C for 40 days. The variation in coating

Sa=40.7 nm

Sa=77.8 nm

Fig. 6 (a) Macroscopic images of epoxy scratch coatings with different microcapsule contents (0, 10, 20, 40 wt.%) after immersion in 3.5 wt.%
NaCl solution (1, 5, 15, 30 days). AFM images of coatings with different microcapsule contents after 5 days of salt spray test (b) 0 wt.%, (c) 10
wt.%, (d) 20 wt.% and (e) 40 wt.%
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resistance Rc was obtained by fitting Nyquist plots at
different immersion stages using ZSimpWin software
(shown in Table S3). During immersion, the Rc values of all
coatings decreased gradually as corrosive media penetrated
the coating interior.

After 40 days of immersion, the Rc of the neat EP coating
dropped to 2.21x107 Q-cm? indicating a significant
degradation in its protective performance. In contrast, the
20 wt% Filler/EP composite coating maintained a
remarkably high Rc value of 1.07x10° Q.cm?, nearly three
orders of magnitude higher than that of the neat EP coating,
demonstrating the most excellent long-term corrosion
protection. Supporting evidence confirmed that the |Z|oo11z
value of the Fillerzowto/EP coating reached 4.52x108 Q-cm?,
far exceeding those of the pure EP coating (2.11x107 Q-cm?),
Filleriowts/EP coating (5.59x107 Q-cm?), and Fillersowto/EP
coating (1.25x107 Q-cm?). It also exhibited the largest
capacitive arc radius in Nyquist plots, consistent with the Rc
results. These findings verify that 20 wt.% is the optimal
filler loading for this coating system, where synergistic
effects between the filler and epoxy matrix enable balanced
physical barrier protection and active corrosion inhibition.
3.4. Analysis of salt spray test and surface roughness of
coatings

Four epoxy composite coatings with 0, 10, 20, and 40 wt.%
TA/8-HQ@LDH-DE microcapsules were prepared on Q235
steel substrates to evaluate their corrosion protection. The
coatings were immersed in 3.5 wt.% NaCl solution at room
temperature for 30 days. As shown in Fig. 6(a), the
macroscopic corrosion of scratched coatings was recorded at

wt.% TA/8-HQ@NiCo-LDH-DE/EP coating showed the best
corrosion resistance, with only slight rust confined to the
scratch. This is attributed to the synergistic barrier, ion
adsorption, and rust conversion effects of the filler. These
results confirm that 20 wt.% is the optimal loading for high-
performance anti-corrosion coatings. To evaluate its
practical  engineering potential, the anti-corrosion
performance of the 20 wt% composite coating was
compared with reported commercial rust converters and
marine epoxies (Table S4). After 40 days of immersion, our
coating still maintains an ultrahigh coating resistance of
1.07x10'%nd achieves a 30-day neutral salt spray resistance,
which is significantly superior to most reference coatings.
The effect of TA/8-HQ@LDH/DE filler content on the
micromorphology and surface roughness of coatings was
investigated via atomic force microscopy (AFM). The
incorporation of microcapsule fillers into epoxy coatings
significantly influences the surface topography and
roughness parameters, as nanoparticle addition generally
increases surface roughness while improving mechanical
properties [52-54]. AFM characterization was performed on
scratched steel substrates covered with filler-free coatings
and coatings containing 10 wt.%, 20 wt.%, and 40 wt.%
TA/8-HQ@LDH/DE fillers, and the results are presented in
Fig. 6(b-e). The filler-free coating exhibited an arithmetic
mean surface roughness (Sa) of 68.1 nm. A significant
increase in surface roughness was observed after 5 days of
salt spray testing, which was attributed to the accumulation
of corrosion products and indicated severe corrosion of the
metal substrate. With the filler content increasing from 10

Fig. 7 Pull-off adhesion test results and fracture morphology comparison of pure coating and different content of TA/8-HQ@LDH-DE composite

coating: (a) pure coating, (b-d) composite coatings containing 10 wt.%, 20 wt.% and 40 wt.% TA/8-HQ@LDH-DE filler.

different immersion times [49-51]. The results reveal that
corrosion at the scratch differs significantly with increasing
immersion time. The neat EP coating showed severe
corrosion with extensive rust propagation after 30 days. The
10 wt.% filler coating provided limited long-term protection,
while the 40 wt.% coating exhibited reduced performance
due to excessive filler-induced defects. In contrast, the 20

wt.% (Sa = 61.2 nm, Fig 6(c)) to 20 wt.% (Sa = 40.7 nm, Fig
6(d)), the coating surface roughness decreased gradually,
and the surface particles became more uniformly and
densely distributed. This demonstrates that moderate fillers
can disperse uniformly in the coating matrix and fill
microscopic defects effectively, forming a smoother and
denser coating structure. However, when the filler content

8/18
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further increased to 40 wt% (Fig 6(e)), the surface
roughness rose sharply to 77.8 nm. Remarkable particle
agglomeration and surface protrusions were observed in
AFM images. Excessive fillers reduced the dispersion
uniformity in the matrix and caused particle agglomeration,
resulting in prominent surface undulations and structural
defects. These results confirm that the optimal dispersion
state of TA/8-HQ@LDH/DE fillers is obtained at a content of
20 wt.%. The corresponding coating possesses the densest
and smoothest surface structure, endowing the metal
substrate with excellent anticorrosion performance.

3.5. Adhesion test

Fig. 7 systematically presents the peel adhesion strength and
corresponding fracture morphologies of pristine EP coating
and composite coatings filled with 10 wt.%, 20wt.% and
40wt.% TA/8-HQ@LDH-DE fillers. The adhesion strength of
the pure EP coating is 4.31 MPa. After introducing 10%, 20%
and 40% fillers, the adhesion strength rises to 5.05 MPa,
5.77 MPa and 5.0 MPa respectively. Such strength
enhancement is mainly related to the interface regulation
effect derived from complexes formed by the reaction
between tannic acid and rust on the substrate surface. It is
obviously observed that the coating with 20% filler achieves
the optimal adhesion performance. Specifically, the tannic
acid content is insufficient at 10% filler loading and fails to
exert sufficient interfacial modification effect, while

—— % __ N

and maximize coating adhesion, while overloading induces
filler agglomeration and weakens the modification effect of
tannic acid, thereby causing performance decline. This
conclusion provides reliable guidance for the optimized
proportion design of fillers in composite anticorrosive
coatings.

3.6. The establishment of simulation model and
mechanism analysis

In this study, molecular dynamics simulations were
performed to investigate the diffusion behavior of corrosive
media in four coatings: pure EP, LDH-DE/EP, TA/LDH-
DE/EP, and TA/8-HQ@LDH-DE/EP [55-57]. Although
existing diffusion models have certain limitations, they
provide theoretical support for the qualitative comparison of
coating barrier properties. Based on Einstein’s diffusion
theory, the diffusion coefficient D was adopted as a key
indicator and obtained by fitting the mean squared
displacement (MSD) curves [58]. The MSD and D were
calculated according to Equation 3 and Equation 4,
respectively. The result show that the diffusion coefficient is
negatively correlated with the coating barrier performance:
a lower D value corresponds to stronger suppression of
corrosive medium diffusion, leading to superior barrier and
corrosion resistance. The evolution of MSD curves reveals
the migration of corrosive particles, offering a theoretical

/i
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Fig. 8 Free volume distribution of EP, LDH-DE/EP, TA/LDH-DE/EP and 8-H
(c1-c4) CI7, MSD curves of (as) Hz0, (bs) Oz and (cs) CI” in the above coatings.

excessive addition of 40% fillers leads to secondary
agglomeration, which damages the structural continuity of
the coating and forms heterogeneous stress concentration
sites at the interface. Appropriate filler addition enables
tannic acid to fully exert its interfacial regulation capacity
9/1

Q@LDH-DE/EP coatings was detected using (ai-a4) Hz20, (bi-bs) 02 and

basis for clarifying the protective mechanism of composite
coatings.

MSD = |r(8) — r,(0)*#(3)
Furthermore, D can be calculated by using the following

8
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Equation:
D—mll ZZ [lr;(t) — r;(0)|] #####H##H#(4)

MSD was used as a key parameter to characterize
molecular diffusion. Combined with the simulation results in
Fig. 8(a-c) and based on Einstein's diffusion theory, the
diffusion coefficients of H20, Oz, and Cl” in various coatings
were calculated by fitting MSD curves, with the data listed in
Table S5. A lower diffusion coefficient indicates a stronger
barrier effect of the coating. The results show that the in the
TA/8-HQ@LDH-DE/EP composite coating, which can
effectively inhibit their penetration and transport, thus
endowing the coating with excellent corrosion resistance.

As the free volume fraction (FFV) increases, the diffusion
rate of corrosive media also increases. FFV can be defined by
the following equation:

Vfree

FFV = #(5)

VereetVoccupy

The total volume of a polymer coating consists of atomic
occupied volume and free volume. Free volume is formed by
the random packing of polymer chains and provides
pathways for the diffusion of corrosive media. In this study,
the coating microstructure was quantitatively characterized
using occupied volume and free volume, and the FFV was
calculated accordingly. A higher FFV facilitates easier
penetration and migration of corrosive species. Using H>0,
02, and CI” as probes, the free volume distribution in

i e el
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Q235 Steel

The results demonstrate that the TA/8-HQ@LDH-DE/EP
composite coating exhibits a lower FFV, which effectively
inhibits the penetration of corrosive media toward the metal
substrate, leading to superior barrier and corrosion
resistance properties. This conclusion is consistent with the
EIS test results.

Fig. 9(a-b) shows the molecular electrostatic potential
(MEP) distributions of the DFT-optimized TA-Fe?* and 8-
HQ-Fe?* complexes [59, 60]. The low-potential regions of TA
and 8-HQ are mainly concentrated around oxygen-
containing functional groups and adjacent coordination
moieties. These regions are highly electronegative and
electron-donating, acting as preferential coordination sites
for Fe?*. Binding energy calculations confirm strong
interactions between both ligands and Fe?*, leading to the
formation of stable complexes.

Ead = Eab - ETA | EFe##(6)

Eoqy = Eqp — Eg_pg — Ep ##(7)

In this study, Ea represents the total energy of the
adsorption (or complexation) system, while Era, Es-nq, and
Ere correspond to the energies of the isolated TA molecule,
8-HQ molecule, and Fe?*, respectively. The binding energies
(Ead) of TA-Fe?* and 8-HQ-Fe?* were calculated via
Equation 3 and Equation 4, with the results summarized in
Table S7. Their values are negative (-2.9218 eV and -1.9053
eV, respectively), indicating that the coordination between
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Fig. 9 (a-b) DFT process of the complexation of TA/8-HQ and Fe?, (c) Schematic diagram of anti-corrosion mechanism of TA/8-HQ@LDH-DE/EP

composite coating.

different coatings is shown in Fig. 8(a-c), with FFV data
listed in Table S6.

TA or 8-HQ and Fe?* is thermodynamically spontaneous and
yields highly stable complexes. This also reflects strong

10/18
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coordination interactions between TA or 8-HQ and Fe?*.

The excellent corrosion resistance of the TA/8-HQ@DE-
LDH/EP composite coating originates from the synergistic
effects of hierarchical structural shielding, controlled release
of loaded corrosion inhibitors, rust layer conversion, and
enhanced interfacial stability. As shown in Fig. 9(c), LDH
grows in-situ on the DE framework to form a hierarchical
porous structure, which prolongs the diffusion pathways of
corrosive species (Hz0, Oz, C17) and strengthens the physical
barrier performance of the coating.

The porous LDH-DE carrier provides sufficient loading
sites for 8-HQ, enabling sustained release of the corrosion
inhibitor and its functionalization at the metal/coating
interface. The polyphenolic hydroxyl groups of TA
coordinate with Fe?* in the rust layer, promoting the
conversion of the rust layer into a stable protective layer and
the formation of a passive film, thereby improving the
adhesion between the coating and the rusted substrate as
well as the long-term stability of the system.

4 Conclusion

TA/8-HQ@DE- LDH/EP composite coating was
successfully fabricated in this work for the long-term
corrosion protection of pre-rusted Q235 carbon steel. LDH
was grown on DE to form a hierarchical porous structure,
achieving an 8-HQ loading capacity of approximately
25.97%. Electrochemical measurements reveal that the
coating with 20 wt.% filler exhibits the highest impedance
and optimal protective performance after 40 days of
immersion in 3.5 wt.% NaCl solution. Molecular dynamics
simulations confirm that it effectively hinders the diffusion
of corrosive species and promotes the formation of a
compact and stable interfacial layer. Benefiting from the
synergistic effects of a hierarchical barrier effect, controlled
release of corrosion inhibitors, and interfacial stabilization,
the coating provides efficient and long- lasting protection for
rusted steel substrates, demonstrating promising application
prospects in the in-situ repair and long-life corrosion
protection of steel structures.

Electronic Supplementary Material: Supplementary
material (please provide the brief detail of the ESM) is
available in the online version of this article at
https://doi.org/10.26599/NR.2026.94909112.
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The conversion performance of the TA/8-HQ@LDH-DE composite filler and pure tannic acid toward Fe®*
and steel corrosion products was investigated. The upper part of the Fig. S1 shows that a large amount of deep
blue-black flocculent precipitate forms rapidly after adding the filler to FeCls solution. In this system, TA strongly
complexes with Fe3*, while 8-HQ synergistically chelates to enhance iron ion capture; LDH releases active
components slowly via ion exchange and adsorbs corrosive CI, jointly improving the conversion efficiency.
Compared with the pure tannic acid system, the composite filler generates a larger amount of precipitate at a
faster reaction rate, confirming the significant synergistic enhancement of 8-HQ chelation and LDH slow-release
adsorption.

After coating the rusted steel surface with the composite filler suspension and tannic acid solution
respectively, uniform and dense blue-black stable rust-conversion layers were formed in both cases, which
effectively solidified loose corrosion products and blocked pores in the rust layer, verifying that tannic acid can
react with corrosive rust species. These tests lay a foundation for the subsequent formulation and modification of

rust converters.

Fig. S1 Morphological changes of rusted substrates treated with (a) TA/8-HQ@LDH-DE and (b) TA.

Table S1 N; adsorption-desorption characterization data of DE, LDH-DE, TA/LDH-DE and TA/8-HQ@LDH-DE.

Sample BET surface area (m?%/g) Pore volume (cm’/g) Average pore size (nm)
DE 0.9804 0.022640 15.0379
LDH-DE 8.7674 0.019971 6.1853
TA/LDH-DE 8.0713 0.007472 5.3024
TA/8-HQ@LDH-DE 2.5836 0.001250 1.9353

Table S2 Content of 8-HQ, TA/LDH-DE, and TA/8-HQ@LDH-DE in filler.

Material Initial mass (%) Residual mass (%) Decomposition rate (%)  Msgng (%)  Mrarpu-ne (%)
8-HQ 100 10.05 89.95
TA/LDH-DE 100 70.67 29.33 25.97 74.03
TA/8-HQ@LDH-DE 100 54.93 45.07
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Table S3 Electrochemical parameters of each component after the sample coating were fitted.

Sample Time Rs(Q-cm?) Qc n Re (Q-cm?) Qdl n Ret (Q-cm?) Warbury (Y)
Yo Yo
(Q'em2s") (Q'em2s")

EP 10d 5.67 4_31x10—|n 0.93 2.71X1010 - - - -
20d 11.63 6.92x10°10 0.81 5.05%x10° - - - -
30d 13.89 1.32x10710 0.97 3.06% 108 1.31x10710 1 1.09% 108 -
40d 17.19 3.13x107° 0.71 2.21x107 1.18x10-10 1 3.25% 10 -

Filler;owt.o/EP 10d 7.34 2.18x10-10 0.93 6.96x1010 _ _ _ _
20d 16.62 1.87%10-10 0.95 2.67x101° - - - -
30d 27.87 6.82%x10~° 0.96 1.09% 1010 2.31x10-10 0.85 5.52%108 _
40d 32.92 2.39x107 1 2.51x10° 1.16x10~? 0.82 9.92x107 -

Fillerzowt.o/EP 10d 26.89 1.04x10-10 0.99 2.05%x10' _ _ _ _
20d 31.03 3.78%10-10 1 9.36x1010 _ _ - -
30d 33.52 231x10-10 0.97 5.31x101° 1.19%10~9 0.78 1.25%10° -
40d 38.19 1.63%10710 088 107x101 2.43%x10° 0.91 9.78x 108 -

Filler4ow1_%/EP 10d 14.98 1.19%x10°10 1 9.07x10'° . _ - -
20d 15.88 1.38x10~° 079 245%x10° 1.72x10710 0.91 2.79% 108 -
30d 17.84 8.87x10710 1 1.10x10° 9.79% 10710 0.84 3.16x107 -
40d 18.31 1.52x107° 0.90 1.31x106 9.62%107¢ 0.87 1.22x 10 1.09x10*

Table S4 Comparison with commercial and reported anticorrosion coatings
Electrochemical
Coating Resin type EIS (t) Salt spray Ref.
value (Rc)
10d 2.05 x 10!
10
TA/8-HQ@LDH- E51 bisphenol A type 20d 9.36 < 10 .
DE/EP epoxy resin 30 d 5.3] X ]010 30 d ThlS work
40 d 1.07 x 101
Oroprimer 440 Vinyl chloride-acrylic 21d 1.10x107 - [61]
ester copolymer
Micaceous Iron Bisphenol A type epoxy 2h 1.00 x 10 [62]
Oxide 16d 1.10 x 105 -
Si0; nanoparticles MTMS sol—gel 7d 1.27 x 10° 35d [63]
350 h 1.98x10°
Zinc Phosphate Epoxy resin 2500 h 531x108 2500 h [64]
Self-doped nano- 1000 h 7.12 x 108
polyaniline Epon 1001 1800 h 2.01 x 107 ] 631
Table S5 Diffusion coefficients of different corrosive media in different coatings.
Diffusion coefficient, D (x 10! m? s™")
Coatings
Cl” H-O O
EP 19.02 51.09 47.98
LDH-DE/EP 8.31 37.87 35.37
TA/LDH-DE/EP 5.29 25.83 23.86
TA/8-HQ@LDH-DE/EP 3.78 14.09 11.35
Table S6 FFV results of different coatings probed by different corrosive media.
FFV (%)
Coatings -
g Cl H,0 0,
EP 13.73 19.85 20.65
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LDH-DE/EP 6.15 13.51 13.88
TA/LDH-DE/EP 4.18 7.59 8.07
TA/8-HQ@LDH-DE/EP 3.18 6.31 6.97
Table S7 Binding energies of TA-Fe and 8-HQ-Fe ionic complexes.
Chelation System Eab (Hartree) E. (Hartree) Eb (Hartree) Eaa(eV)
TA-Fe** -2817.3898 -2414.3789 400.0891 -2.9218
8-HQ-Fe?* -2773.8216 -1185.9136 400.0891 -1.9053
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