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Corrosion is a major concern for metallic structures, leading to significant economic losses and safety risks. Self-
healing coatings have recently emerged as a promising solution to mitigate corrosion issues. This research de-
velops a novel self-healing anti-corrosion composite coating using Ni-Al double layer hydroxide (LDHs) modified
with phosphate ions as inhibitor. 1 wt% of modified particles were incorporated into the polyurethane (PU)
matrix to form a coating (PU-LDH-PO4) and was applied on the carbon steel substrate. Reference coating (PU-
LDH-NO3) was also formed for comparison purposes. The LDH serves as a reservoir for the inhibitor, which
gradually released in response to corrosion-induced damage. The inhibitor release inhibits the corrosion process
and promotes the formation of a protective passive film on the metallic surface. FTIR and FE-SEM coupled with
EDS confirmed the successful loading of phosphate ions in the layered structure of Ni-Al LDH. The corrosion
resistance of the self-healing composite coating was evaluated by electrochemical impedance spectroscopy (EIS)
and salt spray test (SST). These tests demonstrate a higher and more robust inhibition efficiency (98 %) and self-
healing effect compared to the reference coating. The enhanced corrosion ability of developed modified coating
can be attributed to the effective and controlled release of inhibitor ions as well as the entrapment of aggressive
chloride ions (C17) through the ion exchange mechanism. This composite coating demonstrated enhanced
corrosion resistance and self-healing properties, making it a promising candidate for applications in protecting
metallic structures against corrosive environments.

1. Introduction

In the modern era of materials science and technology, all scientists
and researchers focus on the sustainability and durability of every
product designed either from basic materials or engineering materials.
Sustainable materials are crucial due to lower manufacturing costs,
lower repair and maintenance overheads, higher service life, and min-
imal health and environmental risks. Therefore, the need for sustainable
materials and their protection from aggressive environmental species is
of high importance to progress in real-world practice. Talking about
real-world scenarios, one of the most critical scenarios is corrosion.
Corrosion is the natural phenomenon that degrades or departs the
metallic and non-metallic alloys over time due to chemical or electro-
chemical interaction with their surroundings [1]. A study conducted in

the US by the IMPACT organization in 2016, presented that the world-
wide cost of corrosion is around 2.5 trillion dollars or 3.4 % of the
world's gross domestic product (GDP) [2]. Corrosion costs in the Gulf
Peninsula are approximately 140 billion USD annually, close to 5 % of
the Economy. The average yearly cost of corrosion in the State of Qatar
is 7.7 billion USD, or about 13 % of the economy. [3]. A lot of material is
of no use at the end of their lifespan. Therefore, enhancing the sus-
tainability of materials and protecting the metal from corrosion is an
urgent need of many commercial and industrial sectors, such as oil and
gas plants, civil, structural designs, offshore infrastructures, and marine
transportation [4]. In general, it was agreed that an appropriate corro-
sion mitigation approach can avoid almost 15-35 % of corrosion cost
[5]. To protect the metal from corrosion, one of the most employed
strategies is the use of polymeric coatings, providing a strong barrier to
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the surface of the metal against the corrosive entities in the environment
[4,6]. The corrosion protection mechanism involved via polymeric
coatings is generally based on one of these approaches i.e. (1)- electro-
lytic inhibition; (2)- active corrosion inhibition [7]. In general, poly-
meric coatings are typically employed on the surface of the metal to
provide a barrier to the metal surface by electrically inhibiting the
electrochemical reaction that takes place during corrosion phenomena
[8]. Anodic or active protection process involves when the barrier effect
is lost thus there is a need for other functional species in the coating that
readily support the protection process [9,10]. The electrolytic inhibition
approach usually involves inhibitors; inhibitors are the functional
chemical species that protect the metallic substrate by providing a
certain level of protection. However, we cannot directly incorporate
these chemical species (inhibitors) into the polymer matrices because of
some undesirable chemical reactions resulting in the poor barrier
properties of polymer coatings. Therefore, to solve this issue many re-
searchers employed the host-guest incorporation method, i.e., the in-
hibitors' loading into some nano/micro carriers having good
compatibility with polymer matrices [11-13]. In the more advanced
practice, corrosion protection involves the controllable and effective
release of inhibitors when needed from the host triggered by some
external stimuli such as UV, pH, heat, and light [14-16]. Such practice is
known as smart or active electrolytic inhibition resulting in long-term
corrosion protection of metallic surfaces. In recent years, the potential
of the utilization of smart nanocarriers loaded with inhibitors has
become very vast in the field of anticorrosion coatings for the protection
of metallic surfaces, which was initially proposed by White and et al.
[17]. In literature, a lot of studies have been done on smart self-healing
anti-corrosion composite coating utilizing nano/microcarriers loaded
with corrosion inhibitors [18-21]. For example, Yulu Li and Sheng Han
[22] developed pH-based intelligent corrosion-resistant coatings by
reinforcing organo silane matrix with mesoporous silica nanoparticles
loaded with (2MBT) as inhibitor through layer-by-layer method (LBL).
The EIS results indicated that the corrosion resistance of modified
coating (MSN-MBT@PEI/PSS/PEI/PSS) was enhanced as compared to
pure composite silane coating due to the barrier effect between coating
and metal surface provided by the MBT. Roma Raj et al. [23] prepared
the smart self-healing coating based on hydroxyapatite nanoparticles
(HAP) loaded with cerium ions as a corrosion inhibitor and then
embedded with a polyolefin matrix. The (HAP) nanoparticles were pH
sensitive, triggered by the change in pH of the exposed environment, and
do the efficient release of inhibitor. The EIS analysis indicated that there
was an increase in corrosion resistance by the Ce-HAP-modified parti-
cles. Shucheng Ren et al. [24] utilized PCN-22 as a smart nanocarrier
loaded with 8-HQ as a corrosion inhibitor for the long-term anti-corro-
sion and self-healing effect. Most recently, layered-based materials such
as LDH have become a very interesting topic of research to be utilized as
carriers in anti-corrosion composite coatings [25]. Liu et al. [26] utilized
ZnAl LDH as nanocarrier for the efficient loading of corrosion inhibitor
(5-Methyl-1, 3, 4-thiadiazole-2-thiol (MMT-). They prepared the LDH
nanocarrier by the exfoliation of ZnAl-NOgs precursors and then inter-
calating these NOs ions by the (MMT-) through the ion-exchange
method. The corrosion tests exhibit that the (LDH-MMT-) has
outstanding corrosion inhibition efficiency and long-term corrosion in-
hibition. Also, Jerin K. Pancrecious et al. [27] prepared LDH-based
nanocomposite coating by preparing Ni-Al LDH as a nanocontainer
modified with vanadium oxide (VOyx) and cerium oxide (CeQOy) as
corrosion inhibitors. It was analyzed that the Ni-Al LDH modified with
vendate inhibitor and then decorated by the ceria nanoparticles have
high corrosion protection. It was also mentioned that LDH not only plays
the role of nanocontainer for corrosion inhibitors but also binds Cl~
during the anion exchange process. Jing et al. [28] studied the devel-
opment and use of LDH as a metal corrosion inhibitor. They concluded
that LDH's distinctive layer structure gives the capacity to load organic/
inorganic anion-type inhibitors and may function as a corrosion inhib-
itor nanocontainer to provide improved resistance to corrosion and
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long-term self-healing efficiency for anti-corrosion of metals. Many
studies have been found on the use of LDH as nanocarriers for many
applications such as metal catalysts [29,30], adsorbents [31,32], tar-
geted drug delivery, and tissue engineering [33-35]. However, few
studies have been found yet on utilizing LDH as carrier particles to
incorporate the corrosion inhibitor for anti-corrosion coating applica-
tions [36,37].

Here, in this research article, we proposed a novel Ni-Al-based
double-layer hydroxide (LDH) as a smart micro/nano carrier that was
synthesized with co-precipitation and hydrothermal synthesis methods.
The reason to utilize this method is because it produces even crystalline
phases at elevated temperatures with less material loss. Typically, the
generic formula [M75 M3 (OH)21%" (A™) ./ *yH20, is used to define
LDHs. M?" and M3* are bivalent and trivalent metal cations respec-
tively, and x is equal to the molar ratio of M3*/(M2T+M3") [38]. A™ is
an interlayer anion that balances out excessive positive charges in the
layers. Here, the big motivation for utilizing Ni-Al LDH was due to the
three main attributes: (i) self-healing of polymer matrix resulting in the
improvement of barrier properties and corrosion protection (ii) the in-
crease in the inhibition performance through the effective release of
inhibitor released by the micro/nano LDH carriers; (iii) entrapping of
corrosive media such as (Cl7) ions into the gallery of nanocarriers as
well as released of inhibitor ions upon change in pH of corrosive envi-
ronment [39-41]. Also, the layered structural attributes of LDH-based
nanocarriers made them highly effective in hosting inhibitor ions and
effective exchange of ions present in the gallery of its structures by some
other ions such as inhibitor ions (phosphate, nitrates, sulfates, tungstate,
and molybdates). Moreover, the main reason for selecting phosphate as
a corrosion inhibitor is because of its high corrosion inhibition effect and
very little utilization in the polymeric matrices. Compared to other
inorganic inhibitors, phosphates are easily available, less costly, and
non-toxic. The beneficial effect of phosphates is their ability to adsorb on
the passive layer by displacing the chloride ions and thus blocking the
initiation of localized corrosion [42]. In this proposed system, we uti-
lized the Ni-Al layer double hydroxides with NOs ions as nanocarriers
and then NO3 ions were replaced with POy ions as inhibitors. This Ni-Al-
NOg particle was modified with the PO4 ions by the intercalation of NO3
ions by the ion-exchange method. The modified nanoparticles Ni-Al-PO4
were then embedded into the polyurethane (PU) matrix and coated on
pre-treated carbon-steel substrates. The developed nanocomposite
coatings were subjected to electrochemical analysis (EIS) to study the
corrosion protection behavior. Furthermore, the inhibition as well as
self-healing effect was studied by the scanning electron microscope
(SEM) combined with energy dispersive X-ray spectroscopy (EDS).
Moreover, the salt spray test was also employed to check the corrosion
activity and self-healing ability of as developed coatings. To the best of
my knowledge until now, the proposed nanocomposite self-healing
coating system has not been explored that contains Ni-Al LDH as
nanocarriers and phosphate ions as corrosion inhibitors reinforced with
the polyurethane (PU) matrix.

2. Experimental
2.1. Chemicals/Materials

Nickle Nitrate hexahydrate Ni (NO3)-6H20, Aluminum nitrate
nonahydrate Al (NO3)3-9H20 sodium hydroxide, dihydrogen sodium
phosphate NaH5;PO4 and absolute ethanol were purchased from Sigma
Aldrich. Polyurethane matrix resin (Hempathane HS 55610) and its
curing agent (Hempel's curing agent 95370) were obtained from Hemple
Chemicals. Coupons of carbon steel plates (3 x 3 x 1 em®) having
composition (iron = 99 %, carbon = 0.22 %, copper = 0.199 %, man-
ganese = 0.31 %, phosphorus = 0.039 %, sulfur = 0.039 %) were pro-
vided by a local supplier. The sandpapers (SiC) with grit size (120-800)
for the surface finishing of steel coupons were purchased from a local
steel manufacturing industry in Qatar.
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2.2. Synthesis of nanocarriers (Ni-Al, NO3)

The synthesis of layer double hydroxide (Ni-Al, NO3) was initially
conducted by both coprecipitation and hydrothermal processes. Taking
Ni-Al LDH with a Ni/Al molar ratio of 2 for instance, first, 6.21 g Ni
(NO3)2-6H20 and 4.01 g Al (NO3)3-9H,0 were dissolved in 100 ml CO»-
free water, named it as solution A. In the subsequent step, a 1 M aqueous
solution of NaOH named solution B, was prepared. Add solution B
dropwise through the pipette into solution A while continuously
checking the pH of the new solution until the final pH of a new solution
called solution C reaches pH 7. Subsequently, solution C was stirred for
an additional 1 h and then transferred into a stainless-steel Teflon-based
autoclave for crystallization at 100 °C for a duration of 12 h. Finally, the
solid products were collected by filtration, washed with CO,-free water,
and dried at 80 °C for 6 h. The corresponding green powder was referred
to as NiAl-NO3 nanoparticles [26].

2.3. Loading/intercalation of PO4 as corrosion inhibitor

The intercalation of phosphate ions (inhibitor species) was carried
out using the anion-exchange method, involving the reaction of Ni-Al,
NO3 nanoparticles with sodium salt of phosphate [43]. For this pur-
pose, 100 mg of Ni-Al-NOs powder was mixed with 100 ml of 0.1 M
aqueous solution of dihydrogen sodium phosphate NaHyPO4 at room
temperature under vigorous stirring (rpm = 500). The initial pH of the
solution was kept at 9.1 for the availability of phosphate ions in the
solution. The ion-exchange reactions proceeded for 2 days due to the
complete exchange of inhibitor ions in the layers of LDH. The resultant
precipitates were thoroughly washed with deionized water and dried at
65 °C for 8 h. The final apple green color like product referred to as Ni-
Al, PO4 nanoparticles. A schematic diagram presents the loading of
process in the Fig. 1.

2.4. Coating solution formulation, preparation of steel substrate, and
development of polymeric nanocomposite coatings

The coatings were prepared by the incorporation of both the un-
modified and the modified nanocarriers (Ni-Al-NO3 & Ni-Al-POy4)
polymeric matrix (polyurethane) following standard practice. Where 1
wt% of nanoparticles mixed with (7:1) grams of matrix: hardener at
room temperature. To ensure uniform distribution and better dispersion
of the nanoparticles, they were initially mixed with a harder/curing
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agent, which possesses lower viscosity as compared to polyurethane
matrix (PU) to avoid any kind of agglomeration. After the incorporation
of particles, the coating solution was sonicated for 5 min to achieve
complete dispersion and removal of any bubbles within the coating so-
lution. The surface of the steel substrate was polished with (SiC) emery
paper of 80-120 grit size. After polishing, the steel substrate was thor-
oughly rinsed with ethanol to remove any contamination on the steel
surface. The loaded product (anticorrosive pigment) was mixed in a
polyurethane matrix and sonicated at degasser mode to obtain a ho-
mogeneous mixture. The polyurethane mixture was applied on a pol-
ished steel substrate by doctor blade technique, ensuring a uniform
controlled thickness of ~100 + 5 pm. The coated sample was kept in a
controlled chamber for curing at room temperature for 5 days for the
complete curing of polyurethane matrix (PU). Three types of coatings
were developed PU-blank, PU-LDH-NO3 and PU-LDH-POj4.

2.5. Characterization of synthesized/modified nanoparticles and
developed coatings

The morphology and structural footprints of as-synthesized, modi-
fied nanoparticles as well as developed coatings were studied by X-ray
diffractometer (XRD) using a PAN analytical X'pert Pro Cu (Ka), with a
scanning rate of 2°/min and scanning angle ranging between 10° < 26 <
90°. The morphological analysis of the unmodified and modified
nanocarriers was studied with a field emission scanning electron mi-
croscopy (FE-SEM-Nova Nano-450, Netherland) and high-resolution
transmission electron microscope (HR-TEM TALOS F200X, FEI, New
York, NY, USA). A scanning electron microscope coupled with energy
dispersion scanning (SEM-EDS) was also utilized for the elemental
mapping of particles. FTIR analysis was carried out to analyze the re-
action mechanism and preferred bond alteration due to the incorpora-
tion of phosphate ions with the initial precursor solution. The FTIR
spectra were recorded in the range of 4000-500 cm™! in the trans-
mission mode using the FTIR Frontier (PerkinElmer, Frontier, USA).
With a heating rate of ten degrees per minute, the thermal conductivity/
stability of modified/unmodified particles was examined from ambient
temperature up to 600° Celsius. The equipment employed to get the TGA
profiles is named (PerkinElmer, TGA 4000, USA). (PosiTector 6000-
DeFelsko-USA) was utilized to check the thickness of coated samples.

The corrosion behavior of coatings was analyzed by the electro-
chemical impedance spectroscopic measurements (EIS) which were
performed every day for continuous 2 weeks of soaked samples in 3.5 wt

. Ni-Al Layer double hydroxide with NOj; ions

Ni-Al Layer double hydroxide with Inhibitor (POy) ions
)

@ (<) e e ® o
A®  Ni? NO; H,0 -OH PO,

Externally
incorporated POy
ions for intercalation

Fig. 1. The intercalation of corrosion inhibitor (PO,4) in the gallery of Ni-Al-NO3 by replacing nitrate ions through the ion exchange method.
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% NaCl solution at ambient conditions with the frequency range of
100,000 Hz to 0.01 Hz. The equipment used for the EIS corrosion
behavior of the coated sample is named as (Gamry 3000, 30 K BOOSTER
potentiostat/galvanostatic/ZRA, USA). The EIS measurements were
conducted at a scan frequency rate of 10 points per decade with an open
circuit potential (OCP) for 1 h and the r.m.s signal was varied between 2
and 10 mV, every EIS test was conducted by an electrochemical appa-
ratus with three main electrodes (Carbon as counter electrode, Ag/AgCl
as reference electrode and steel substrate as working electrode).

A Salt Spray test (SST) was also conducted to analyze the corrosion
inhibition activity and self-healing ability of all the prepared coatings.
The SST was conducted in the controlled environment chamber having
fixed temperature (30 °C) and relative humidity values (39 %).

3. Results & discussion
3.1. Morphological, structural, and chemo-thermal analysis

3.1.1. X-rays diffraction (XRD)

XRD patterns of all prepared Ni-Al-LDH samples are presented in
Fig. 2. The characteristic diffraction peaks corresponding to the (003)
and (006) reflections are indicative of hexagonal Ni-Al LDHs. The XRD
pattern of Ni-Al NO3 shows the characteristic basal peaks (00X) that
indicate the hydrotalcite-like lamellar structure. Notably, the diffraction
peaks observed at 20 = 10.2°, 20.1° and 34.9° correspond to the basal
planes of 003, 006, and 009 respectively. These values completely agree
with the previously reported article where Ni-Al, NO3 LDH was prepared
[44-46]. The XRD pattern of Ni-Al, PO, reveals diffraction peaks related
to the basal planes 003, 006, and 009 with diffraction angle values of
9.5° 19.5°, and 34° respectively. As the values of diffraction peaks shift
towards the lower angle there is also less intensity of diffraction peaks
which demonstrates the increase of basal spacing of Ni-Al, PO4 LDH. The
basal spacing values of both samples are calculated by using Bragg law
(2dSind = n )\) related to X-ray diffraction peaks. Also, for the Ni-Al PO4
LDH the value of basal space is 10.11 A which is the value characteristic
of phosphate ions intercalated LDH [47]. Thus, the increase of basal
spacing from 9.01 A to 10.11 A is a clear indication that there is an
obvious intercalation of phosphate ions into the gallery of Ni-Al, NO3
LDH [48].

3.1.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was adopted to check the thermal
stability of synthesized Ni-Al NO3 and modified nanoparticles Ni-Al PO4.
Fig. 3 shows three steps of weight loss for both types of samples. The

14000 — . , . . . .
—— LDH-PO, |
12000 LDH-NO, _
10000 -
£l
8
= 8000 -
(72}
c
g
< 6000 - .
(009)
4000 - -
(111)
| . ]
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10 20 30 40 50 60 70 80
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Fig. 2. XRD graphs of Ni-Al NO3 and Ni-Al PO,.
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Fig. 3. TGA plots of Ni-Al NO3 and Ni-Al PO,.

First weight loss started from 30 to 150 °C (weight loss of about 7 %) due
to the conversion of water molecules into vapors. The second step of a
sudden drop in the weight of nanoparticles is observed due to the
dihydroxylation of available water molecules in the gallery of layer
double hydroxides from 150 to 450 °C (weight loss of 25 %), and the
third step occurs from 450 to 600 °C due to the formation of nitrogen
dioxide gas available in the laymen of Ni-Al layer double hydroxides
(weight loss of 8.5 %) [49,50]. At temperatures above 600 °C, there is no
weight loss. The TGA graph of the LDH-PO4 sample shows a different
profile of weight loss as compared to LDH-NOg, as shown in Fig. 3. The
three main steps are linked with sample heating. The initial event of
weight loss is from 30 to 140 °C (weight loss of 7 %; heat-absorbing
process), and it is related to material dehydration due to the loss of
H20 molecules [51].In the second event the weight loss was observed
from 150 to 320 °C (weight loss of 7 %; an endothermic reaction) is most
likely attributed to the discharge of incorporated water molecules that
are strongly hydrogen bonded (H-) to phosphate ions (as highlighted in
FTIR) see Fig. 4. From the TGA analysis, it can be observed that the
thermal stability of modified nanoparticles (Ni-Al, PO4) is more than the
synthesized nanoparticles Ni-Al, NO3. Also, this nitrate-related mass loss
is absent in the TGA curves of the phosphate-intercalates, which con-
firms the complete exchange of nitrate with phosphate [52].

3.1.3. Fourier transform infrared spectroscopy (FTIR)

Fourier transmittance infrared spectroscopy is a useful tool for the
characterization of LDHs, enabling the analysis of different chemical
elements and their corresponding bond vibrations and stretching
available in the crystal lattice of the material. Both FTIR spectra of LDHs
depicted in Fig. 4 exhibits a broad spectrum between 3750 and 3000
cm ! corresponding to the O—H bond stretching of water molecules and
due to the presence of hydroxyl group between the layers of layer double
hydroxides LDHs [53,54]. Notably, there is a distinct shift of the
broadband transmittance to lower energy in the case of LDH-PO4
compared to LDH-NOs. This shift results from the formation of very
strong hydrogen bonds of phosphate ions rather than nitrate ions in the
gallery of LDHs. The bands at 1647 cm ™! show the bending of M-O-H
bonds available in the case of both LDHs [55]. Additional bands at 1345
and 887 cm™! confirm the availability of nitrate ions, assigning the vs
and vy vibrations of NO3 ions respectively [56,57]. Furthermore, the
bands at 805 em™}, 563 ecm ™% and 432 cm™! can be ascribed to M-O
stretching modes and M-O-H bending vibrations [43]. The FTIR spec-
trum of LDH-PO4 reveals a wide band at 1030 cm ™! which is the indi-
cation of phosphate ion vibrations. Also, the existence of sharp bands
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Fig. 4. FTIR spectra of Ni-Al LDH NO3 and POj,.

between 800 and 400 cm ™! is related to P-O-P bond vibrations which is a
clear indication of the availability of phosphate ions between the layers
of Ni-Al NO3 [58]. Thus, from the above discussion, it is confirmed from
the availability of characteristic phosphate bonds and phosphate ions
vibrations that there is complete intercalation of corrosion inhibitor
(phosphate ions) in the layered structure of Ni-Al NOs layer double
hydroxide.
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3.1.4. Field emission scanning electron microscopy/ energy dispersion X-
ray (FE-SEM/EDX)

The surface topology and morphological analysis of prepared and
modified particles were analyzed by scanning electron microscopy
(SEM) as well as the elemental composition of synthesized particles
observed by EDS as depicted in Figs. 5 & 6, respectively. It is worth
mentioning here that the morphology of LDH varies with the reaction
time/crystallization time and also the crystalline temperature [59]. In
Fig. 5(a, b), low and high-magnified images of Ni-Al NOg3 are presented.
These images, reveal plate-like layered microparticle structures which is
exactly the characteristic features of layer double hydroxide particles.
The particle size distribution is uniform throughout the structure and
less than one micrometer exhibiting the crystalline nature as confirmed
by X-ray diffraction in Fig. 1 [60]. Also, Fig. 5(c, d) exhibits the same
morphology of modified particles Ni-Al PO4 without any change in the
lammer structure after the intercalation with phosphate ions. Because of
their comparable morphologies, the precursor and product may have
undergone a topochemical ion exchange phenomenon [51]. Fig. 6(a, b)
indicates the elemental composition of Ni-Al NOj3 particles with the
atomic weight percentage of the primary elements involved in the
structural composition of particles i.e., Ni, Al, N, and O. In Fig. 6(b),
there was a clear occurrence of phosphate peak which is again the
conformation of phosphate ions in the structure of synthesized particles
after the ion-exchange method. Moreover, the presence of phosphate
ions and successful loading of inhibitor into the layers of LDH was also
confirmed by FTIR analysis as shown in Fig. 2.

Fig. 5. SEM images of Ni-Al NOj particles (a, b); Ni-Al POy (c, d).
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Fig. 6. The EDX plots and table showing wt%. of the main elements of prepared nanoparticles Ni-Al, NO3 (a) & Ni-Al, PO, (b).

3.1.5. Transmission electron microscopy (TEM)

Transmission electron microscopy was utilized to confirm the
morphological properties of both prepared and modified nanoparticles.
As previously mentioned, the morphological properties of the double-
layer hydroxide nanoparticles have no effect by the intercalation of
ions into the stacked layered structure [43]. Fig. 7 shows the lower and
higher magnification TEM images of LDH-NOjs (a, b) and LDH-PO4 (c, d).
Fig. 7(a) shows the lower magnified image of Ni-Al-NOg in which par-
ticles have layered plate-like structures that are stacked to one another.
Moreover, in the high-magnified image morphology of particles closely
resembles a stacked layered structure with some light areas indicating
towards the interlayer ions in the stacked layers of LDH-NOs3 as depicted

(c)

in Fig. 7(b). As previously discussed, both the prepared and modified
LDH particles exhibit an almost plate-like structure that is stacked to
each other due to agglomeration phenomena. A similar morphological
nature was observed for Ni-Al PO4 as shown in Fig. 7(c). Darker areas
exhibit the stacked layers of Ni and Al with some light areas indicating
the intercalated ions in the gallery of Ni-Al LD. The higher magnified
image 7(d) with a scale range of 5 nm indicates the stacked layered
morphology of Ni-Al LDH.

(b)

Fig. 7. The lower and higher magnified TEM images of Ni-Al NO3 (a, b) & Ni-Al PO, (c, d).
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3.2. Corrosion and self-healing analysis of developed coatings

3.2.1. Electrochemical impedance spectroscopy (EIS)

The corrosion resistance behavior of nanocomposite coatings
deposited on carbon steel was studied by EIS measurements. The coated
samples were immersed in 3.5 wt% NacCl solution and EIS analysis were
made after different periods (1,2,4,6,8,10,12, and 14 days) while im-
mersion in 3.5 wt% of NaCl solution. In Fig. 8(a, b) & (c, d), bode and
corresponding phase angle plots of nanocomposite coatings accompa-
nied with Ni-Al NO3 nanoparticles and polyurethane matrix named PU-
LDH-NOs3 and modified nanoparticles Ni-Al PO, also called as PU-LDH-
PO, respectively. Observing the bode plots, it becomes evident that the
inhibition impedance values for modified coatings LDH-PO4 have high
values after some days of immersion in 3.5 wt% of NaCl and consistently
display stable corrosion resistance behavior as compared to reference
coatings PU-LDH-NO3. This observation is attributed to the greater in-
hibition effect of phosphate ions is more as compared to nitrate ions.
Higher shifts in the impedance values for PU-LDH-PO4 are evidence of a
robust formation of the protective layer, aligning precisely with the
corrosion performance established from potentiostat curves. Moreover,
It also adequately explains the role of the ion exchange protection
mechanism in increasing the corrosion resistance of inhibitor-loaded
LDH [61]. The impedance value of modified coatings is higher by
more than one order of magnitude and shows continuous stable
impedance values as compared to the unmodified coating even after 14
days of immersion. At the early stage of immersion, the coatings were
assumed to be uniform and defect-free, without any electrolyte intake to
the surface of the steel substrate. However, after just 1 day of immersion,
the impedance values of reference coatings were 9.86 x 10° Q cm? for
the PU-LDH-NO3 and 8.41 x 10® Q cm? for the PU-LDH-PO, coating as
indicated in Fig. 8(a, c¢). The increase in the early stage of corrosion
resistance, particularly for PU-LDH-NO3 can be attributed to the rapid

log|Z| (Q.cm?)
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entrapment of chloride ions in the NaCl solution and the fast release of
NOs ions from the gallery of Ni-Al-LDH structure [62]. The impedance
behavior of both the coatings follows a similar trend, with impedance
values decreasing after the 1st day and then increasing after 2 days of
immersion for PU-LDH-NO3 while for PU-LDH-PO4 there is a continuous
decrease in coating resistance from day 1 to the 4th day of immersion,
followed by an increase to higher levels. This unique behavior in the case
of PU-LDH-PO4 coatings is due to the slow entrapment of Cl ions at the
early stages of immersion. Notably, the PU-LDH-PO4 shows higher and
stable impedance values as compared to PU-LDH-NOs3 which initially
shows good values but later the values become unstable as there was
instability of corrosion resistance values for reference coatings. Also,
this instability in the impedance values for reference coating can be
attributed to the slower inhibition effect of nitrate ions dispersed in the
polymer matrix as compared to phosphate ions as phosphates provide
more inhibition effect than nitrates [63]. Also, Fig. 9(a) depicts the
higher values of impedance at a lower frequency (f = 0.01 Hz) for PU-
LDH-PO,4 than PU-LDH-NOs, confirming the fast and quick inhibition
mechanism provided by the intercalated inhibitor ions in the gallery of
LDH [64,65]. Hence, the low-frequency impedance values for the
modified coating show a decreasing trend in the coating resistance at
early stages and then stable and higher values with more immersion
time.

In general, the phase angle plot is a valuable tool for analyzing the
time constant during the corrosion mechanism. The presence of a time
constant at a lower frequency exhibits the initiation of corrosion phe-
nomena at the surface of the coated steel substrate. To provide a more
detailed interpretation of experimental data through electrochemical
impedance spectroscopy (EIS), an equivalent circuit (E.C) was
employed, depicted in Fig. 9(b). The values of relevant EIS parameters,
namely solution resistance (Rs), pore resistance (Rpo), faradic resistance
(Rer), and respective constant phase elements (CPE; CPEg) were

g
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Fig. 8. The EIS parametric graphs of reference and developed coatings with polyurethane matrix: bode and phase angle plots of PU-LDH-NO3 (a, b) & PU-LDH-PO4

(c, d) respectively.
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Fig. 9. The impedance values at a lower frequency of 0.01 Hz of both reference PU-LDH-NO3 and developed PU-LDH-PO, coatings (a) with equivalent circuit (b).

obtained after fitting with the equivalent circuit. The (E.C) is used to fit
the PU-LDH-NO3 and PU-LDH-PO4 coatings data with relevant param-
eter values presented in Table 1S after the good fit.

The values of pore resistance (Rp,) for both types of coating modi-
fied/unmodified followed a decreasing trend from (10°-108 Q-cm?) and
(10°-10° Q-cm?) after 2 and 4 days of immersion in a salt solution,
respectively. This decline is attributed to the initial higher interaction of
corrosive media with the coatings, leading to increased electrolyte
propagation through the very small pores of the coating. Moreover, the
formation of a protective layer on carbon steel substrate due to the in-
hibition effect of NO3 and POy ions is very slow at the early stages of
inhibition. The rapid increase in the values of Ry, is an indication of the
fast and quick formation of a protective layer in the case of PU-LDH-PO4
as depicted in Fig. 10(a). In Fig. 10(b) an effective trend in the Faradic
resistance (R¢) vs time is presented. Here (R¢) values follow the same

trend as discussed in the case of pore resistance. Initially, both coatings
exhibit a decrease in values indicating the initiation of corrosion activity
[66]. But rather than a continuous decrease, there is growth in the
values of (Rqp). In general, (R is linked to the impermeability of elec-
trolytes, therefore the greater the (R.), the more impermeable the
coating. Therefore, from the following trend in (R values it can be
analyzed that PU-LDH-PO4 coating is more impermeable to a corrosive
environment than the PU-LDH-NO3 [67].

The constant phase element (CPE., CPEq)) graphs for both modified/
unmodified coatings are depicted in Fig. 10(c, d). The (CPE,) values of
unmodified coating tend towards the decreasing values indicating more
electrolyte captivation and the beginning of corrosion at the coated area
while modified coating initially shows an increase in value, but after
some days the values are almost stable, and high in the range of
(10’10—IO’8 F.crn’2), indicating the more resistive nature of modified
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Fig. 10. (a) Pore resistance (Rp,), (b) Faradic resistance (Ry), (c) admittance of coating (CPE.), (d) admittance of the double layer (CPEgy).
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coatings PU-LDH-POy4. The faradaic capacitance values in the case of
double layer capacitor (CPEq)) of the constant phase element for the
reference coating have higher values at 2, 8 and 10 days of immersion in
the range of (10’8 F-cm’z) with instability in the values of double layer
capacitor. In comparison with developed coatings expressing more sta-
ble and less values of double capacitor in the order of (10’9 F-cm’z).
Therefore, there is an increase of one order of magnitude with time, most
likely as a result of degradation of the coated surface due to aggressive
corrosion media after 14 days of immersion in 3.5 wt% of NaCl solution.
Also, for the inhibited/modified coating, the values of faradic double
layer capacitance were almost stable or/and marginally decreasing
indicating that the protection of bare steel surface due to hindrance in
the delamination of coatings.

The inhibition efficiency (I.LE%) of the system was calculated by
utilizing Eq. (1) through the impedance values (Rco) of both modified
(PU-LDH-PO4) and unmodified (PU-LDH-NOs3) coatings at different days
of immersion in 3.5 wt% of NaCl solution. The EIS parametric calcula-
tions are provided in the supplementary data. See Fig. S1.

LE (%) = (1 — Reor/Reort) X 100 €}

Here, Rqor and Reorp are the faradic resistance of reference (without
inhibitor-PU-LDH-NO3) and modified (with inhibitor-PU-LDH-PO,4)
coatings, respectively. See Table 1.

3.2.2. Accelerated salt spray test

Accelerated salt spray test (ASST) serves as an excellent assessment
method for self-healing phenomena in polymer composite coatings. In
this test, scratched coatings were soaked in an aqueous solution with a
concentration of sodium chloride (NaCl) of 5 wt%, which is greater than
the usual quantity of salt in seawater. During the test, the physical
appearance of the coatings was examined regularly after every 2 days. A
scratch of about 1 cm in length was drawn on those three samples of PU
coatings named PU-LDH-NO3; and PU-LDH-POy. It can be analyzed that
after some days of immersion, corrosion activity has initiated over the
scratched area of all the coatings, see Fig. 11. However, the corrosion
activity was more pronounced in the case of PU-LDH-PO,4 which was due
to the slow release of inhibitor ions to protect the passive film over the
scratched area at an early stage of immersion of coatings. After 4 days,
this corrosion activity almost vanished due to self-healing activity pro-
vided by the corrosion inhibitor (PO4). Also, PU-LDH-NOj3 shows
somehow self-healing activity but the inhibition effect of phosphate ions
is significantly more as compared to NO3 ions. After continuous im-
mersion of 12 days, it is obvious that there is continuous corrosion ac-
tivity and more delamination of coating over the scratched area in
reference coating (PU-LDH-NO3) than modified coating (PU-LDH-PO4).
Hence, PU coating developed with inhibitor-loaded LDH demonstrate
excellent self-healing performance even after 14 days of immersion in
salt solution [68]. Moreover, it is obvious that the order of self-healing
properties regarding these coatings is as: PU-LDH-PO4 > PU-LDH-NOs.
See Supplementary data for a more detailed overview Fig. S1.

Table 1
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3.2.3. Corrosion inhibition mechanism

The anti-corrosion or self-healing mechanism provided by the
modified Ni-Al double-layer hydroxide nanoparticles is illustrated in
Fig. 12(a, b). Generally, layer double hydroxides (LDHs) are made of
hydrophobic materials, they have a barrier-like function that contributes
to their ability to prevent oxidation contributing to the protection of
metal surface by the formation of a passive layer on metal substrate,
avoiding the interaction of corrosive media with the metal substrate;
and by ion-exchange phenomena in which there is the entrapment of C1~
ions by the intercalation phenomena of LDHs [69,70,71]. Here, the Ni-Al
LDHs functions the same way as described above. Fig. 12(a), shows the
modified Ni-Al-PO4 nanoparticles, uniformly dispersed in the poly-
urethane (PU) matrix coated on the metal (steel) substrate. Upon the
initiation of crack due to the mechanical stress on the surface of the
coating, LDH nanoparticles interact with the Cl~ ions in the corrosive
environment. Due to this interaction, Ni-Al-PO4 LDHs performed two
phenomena, first, the Cl™ ions present in the NaCl solution replace the
inhibitor ions from the gallery of double-layer hydroxide through the
entrapment of Cl~ ions by ion-exchange mechanism, and second the
quick release of inhibitor ions (phosphate) from the layers of its struc-
ture [72]. The released phosphate ions further propagate and adsorbed
on the scratched surface to form a passive film on the surface of carbon
steel as illustrated in Fig. 12b. Therefore, excellent anti-corrosion and
self-healing effects were obtained due to passive layer formation and
corrosive ion hindrance through the unique properties of Ni-Al layer
double hydroxides.

3.3. Contact angle measurement

The hydrophobic nature of coatings exerts a profound effect on the
corrosion resistance during the interaction of electrolytes on the surface
of the coating. The coating wettability test by contact angle was carried
out by the optical contact angle measurement method (OCE 15) to
analyze the role of Ni-Al layer double hydroxide as nanoparticles in the
polymer coatings. The comparison graph depicted in Fig. 13 shows two
natures of coatings as the average value of contact angle in the case of
reference coating was <90° (0° < C.A < 90°) which represents the hy-
drophobic nature of the coating. Also, the water contact angle of the
modified coating PU-LDH-PO4 exhibits higher values C.A (0° < C.A <
120°) which is characteristic of the hydrophobic nature of modified
coatings. The increase in the values of contact angle was due to the
uniform dispersion of modified nanoparticles in the matrix and
providing a better barrier effect towards the water contact drops. This
improvement in the hydrophobic nature of coating can be attributed to
the Ni-Al-POy4 particles that provide a reduced porosity behavior to-
wards these modified coatings. The incorporation of higher wt% of
particles (usually >1 wt%) in the PU coatings shifts the super-
hydrophobic nature towards the hydrophobic nature due to the higher
surface roughness offered by the LDH-induced grains increases the
quantity of air trapped between water and coated surface [73] (see
Fig. 13).

The inhibition efficiency of coatings employed by the faradic resistance of both unmodified (PU-LDH-NO3) and modified (PU-LDH-PO,) coatings.

Days Faradic resistance-R, (Q-cm?)

LE%

Unmodified coating-(PU-LDH-NO3)

Modified coating-(PU-LDH-PO,)

1 7.45 + 0.5 x 10°
2 1.40 £ 0.4 x 108
4 2.21 + 0.3 x 10!
6 5.67 + 0.5 x 10°
8 3.67 £ 0.5 x 10°
10 3.27 £ 0.4 x 108
12 1.28 + 0.5 x 108
14 9.73 £ 0.3 x 10°

2.77 + 1.2 x 108 _

1.79 £ 0.7 x 108 20.18
7.18 £ 0.6 x 10° -

1.38 £ 0.7 x 10! 58.90
1.54 + 0.8 x 10%° 76.20
2.27 + 0.6 x 10'° 98.60
3.41 + 0.8 x 10° 96.20

3.08 + 1.5 x 10 96.80
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PU-LDH-PO,

Fig. 11. The salt spray test of reference PU-LDH-NO3 and modified PU-LDH-PO, coatings. Both coatings without a scratch; coatings with a scratch of 1 cm before
immersion in 5 wt% of NaCl solution. All coatings after 4,8 and 12 days of immersion in accelerated salt solution (Start from top to bottom, in descending order).

4. Conclusion

Phosphate ions intercalated layer double hydroxides (Ni-Al-PO4)
were synthesized through the sol-gel co-precipitation with the hydro-
thermal technique by utilizing nitrate ions as precursors for the suc-
cessful synthesis of particles (Ni-Al-NO3), and then the phosphate ions
(inhibitor) were intercalated through ion-exchange mechanisms of as

10

prepared particles i.e. Ni-Al-NOs. Modified particles (Ni-Al-PO4) were
successfully loaded into the polyurethane (PU) matrix to develop LDH-
based composite coatings with thicknesses roughly around 100 + 5
pm. Structural and morphological analysis confirmed the successful
synthesis and loading of inhibitor in the gallery of LDH, confirmed by
XRD and SEM-EDX analysis. The corrosion impedance values of devel-
oped coatings of the order of (1 x 101! Q-cmz) for PU-LDH-PO4 were
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Fig. 12. Steel surface interacting with corrosive environment upon mechanical damage on the surface of the coating (a). The dual action of LDH is modified with
phosphate inhibitor i.e., adsorption of phosphate ions on the surface of steel and entrapping of Cl™ ions into the gallery of LDH (b).
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Fig. 13. The comparison of contact angle b/w modified and reference coating (a), the contact angle images for reference (b), and modified (c) coatings with the

values of contact angles.

observed to be higher and more stable in comparison with reference
coating (1 x 1010 §2~cm2) for PU-LDH-NOs3. This stable behavior of
inhibitor-based modified composite coatings was attributed to the key
aspect of the hydrotalcite-type layered structure of LDH that can entrap
the chloride ions in the corrosive media and efficient release of the
corrosion inhibitor ions through the ion-exchange mechanism. More-
over, the incorporation of the modified particles changes the wettability
nature of coatings from the hydrophobicity (C. A = 90°) to the improved
hydrophobic nature (C. A = 120°). Thus, exhibiting active anti-corrosion
and self-healing effects as confirmed by EIS and SST. In brief, this
phosphate ion-loaded Ni-Al-based LDH is a promising and environ-
mentally friendly material employing self-healing polymer-based com-
posite coatings for efficient and sustainable anti-corrosion applications.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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