E coatings

Review

A Review of Recent Modification, Optimization, and
Functionalization Methods for Organic Anticorrosive Coatings

Xingjun Zhang !, Yuee Feng !, Xingyu Zhang !, Gang Li !, Zhengfeng Ma

check for
updates

Citation: Zhang, X.; Feng, Y.; Zhang,
X.; Li, G.; Ma, Z.; Wang, X. A Review
of Recent Modification, Optimization,
and Functionalization Methods for
Organic Anticorrosive Coatings.
Coatings 2023, 13, 2019. https://
doi.org/10.3390/ coatings13122019

Academic Editor: Cecilia Bartuli

Received: 12 October 2023
Revised: 15 November 2023
Accepted: 16 November 2023
Published: 29 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

23* and Xingwei Wang 3*

1 Gansu Highway and Bridge Construction Group Co., Ltd., Lanzhou 730030, China

2 Zhongke Runtu (Yantai) New Material Technology Co., Ltd., Yantai 265601, China

Yantai Zhongke Research Institute of Advanced Materials and Green Chemical Engineering,
Yantai 264006, China

*  Correspondence: mazhf@licp.cas.cn (Z.M.); wangxingwei@licp.cas.cn (X.W.)

Abstract: Corrosion problems are widespread in nature. As one of the most convenient and efficient
methods for metal anticorrosion protection, anticorrosive coatings have received increasing attention.
With the continuous advancement of science and technology, more novel functional anticorrosion
coatings are being extensively researched. This review provides an overview of recent research
progress in anticorrosion coatings and functionalized modified materials. Recent methods for per-
formance optimization can be categorized into three main sections: modification by nanoparticles,
modification by carbon-based materials, and specific functionalization (barrier effect, passivation,
shielding effect, resistivity, self-repair). Through modification, the anticorrosion performance of
coatings is significantly enhanced, with impedance levels improving by up to three orders of mag-
nitude. Furthermore, modification imparts additional outstanding features to the coatings, such
as high-temperature resistance, thermal conductivity, self-healing, and hydrophobicity. Finally, the
future development trend of anticorrosion coatings is proposed, and several reasonable suggestions
are put forward for the challenges faced.
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1. Introduction

As a product applied to the surface of an object to protect, modify, and conceal flaws,
paint has been widely used in various fields [1,2]. With the continual advancements in
scientific and technological levels, metal materials provide the necessary guarantee for
various large-scale projects and infrastructure construction. However, the susceptibility
of metal materials to corrosion and rust poses a significant challenge if not adequately
protected [3-5]. In alignment with the country’s strategy to build a “resource-saving
and environment-friendly society”, reducing resource waste and energy consumption has
become the main trend in social development [6]. The prevalence of metal corrosion issues
has caused considerable resource wastage and equipment losses.

The most straightforward solution to solve the problem of metal corrosion is to apply
the surface with a protective coating, which effectively prevents the metal substrate from
making contact with oxygen, water, and various ions in the atmosphere, thereby prolong-
ing the lifespan of the metal [7-9]. Although anticorrosion coating products have been
widely used, products’ performance and anticorrosion properties still have much room for
improvement. Therefore, anticorrosive coating products can be modified and upgraded
by designing functionalized resin products, introducing nanoparticles, functionalized
modified materials, and adding functionalized additives to prepare novel functionalized
anticorrosive coating products [10].

There are four ways to improve the anticorrosion performance of coatings, as shown
in Figure 1:
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Increase the cross-linking density of the paint film to enhance the water, oxygen, and
ion-blocking performance, making it more difficult for corrosive media to contact the
surface of the base metal, thereby slowing down the metal corrosion. To increase cross-
linking density, adopting a proper curing agent, adjusting a fitting curing period and
temperature, and using a cross-linking auxiliary are often prevalent methods [11,12].
Improve the bonding between the coating and the metal substrate to prevent further
corrosion once the corrosive medium penetrates the coating. Improving the perme-
ability and wettability of the coating to the substrate by using a substrate-wetting
agent or penetrant could enhance the bonding. Using a coupling agent can increase
the amino group, hydroxyl group, and carboxyl group between substrate and coating
to further increase the chemical bonding density [13,14].

Introduce functional materials or additives to protect the metal substrate through
cathodic protection, blocking effects, or passivation effects. An active metal powder
or corrosion inhibitor can be introduced to prevent the corrosion of the substrate
metal through electrochemical principles, or through the introduction of graphene,
polyaniline, and other conductive materials for corrosion protection [15-17].
Improve the self-repairing ability of the coating. Most of the reasons leading to further
metal corrosion are the damage of the paint film due to the corrosion of corrosive
media or long-term collisions. The improvement of the self-repairing ability can occur
in the micro or small range of the coating. The coating should recover quickly when
damaged to prevent further corrosion [18-20].
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Figure 1. Schematic Diagram of Action Methods of Metal Anticorrosive Coating.

This review delves into the relevant anticorrosion mechanisms of anticorrosion coat-

ings and the latest research progress. It discusses the performance methods and modifica-
tion methods of anticorrosion coatings, encompassing nanoparticle modification, functional
carbon-based materials, and new specific functionalization, which are summarized in
Table 1. It can be seen that when nanomaterials are employed to enhance anticorrosion
performance, they are typically modified or functionalized with coupling agents or surfac-

tants to improve dispersibility. The influence of chemical material modification methods
on the protective ability of paint film was studied, and the future development direction of
anticorrosive coatings was proposed.
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Table 1. A brief overview of the modification methods to improve anticorrosion performance.

Nanoparticles Modification

Category/Method Materials Category/Method Materials
Modified rGO-SiO5;
b . SiC nanoparticle; Modified SiO; and TiO,;
Silicon-based nanoparticles Hydrophobic nano-Si0; Zn0;

Composite nanoparticle )
mica nanosheets;

Titanium-based nanoparticles

PDMS-modified nano-TiOy; tannic acid-modified BN

Stearic acid-modified TiO, nanosheets
Functionalized carbon-based materials
Category/Method Materials Category/Method Materials
PVP and GO;
Dopamine-modified GO;
Aminopropyltriethoxysilane
modified rGO; Oxidized multiwalled carbon
[3-(2-aminoethyl) nanotubes;
Graphene aminopropyl] trimethoxyl Carbon nanotube Polyaniline-modified CNT;
silane (KH792)-modified GO; CNT/ polyindole
Ionic liquid-modified GO;
Carboxymethyl
chitosan-functionalized rGO
Specific functionalization
Category /Method Materials Category /Method Materials

Prevent corrosion medium
from penetrating

Polyaniline - Fe;Os3;
Polyaniline;
Zinc-aluminum layered
composite oxide

Neem seed oil-based
alkyd resin;
3-aminopropyltriethoxysilane
(APTES)-modified MoS,

Substrate surface passivation

Shielding effect

Magnesium phosphate;
PEDOT-hydroxypropyl-3-

cyclodextrin Benzoxazine;

Self-repairing

Improve resistivity Functionalized SiC deposited

Polyaniline plate;
y p BN

microencapsulated
polyaspartate (PAE) and
diisocyanate (IPDI)

2. Research Progress of Functional Anticorrosive Coatings
2.1. Research on Nanoparticle-Modified Anticorrosive Coatings

Nanomaterials, characterized by surface effects [21], size effects [22], and quantum
effects [23], can be used as additives or modifiers in the field of coatings, conferring spe-
cialized properties to the coatings. Nanomodified coatings use nanoparticles as modifiers,
which are introduced into both new and traditional coating products to improve the me-
chanical ability and corrosion resistance [24-26]. However, due to the small size effect
of nanoparticles, achieving homogeneous dispersion within the resin system can be chal-
lenging. To address this issue, surface treatments, including the use of silicone coupling
agents and surfactants can be applied to ensure the uniform dispersion of nanoparticles [27].
Alternatively, modified nanoparticles can be engineered with a core-shell structure through
methods such as organic coating, thereby altering the surface structure of the nanoparticles
to achieve the desired surface modification. At the same time, the introduction of nanopar-
ticles can also improve the mechanical properties and shielding performance of the coating.
In the crosslinking process of the coating, tiny pores and gaps may form. The inclusion
of nanoparticles can effectively fill these defects, making it more difficult for corrosive
agents to penetrate the substrate and preventing the diffusion of corrosive agents onto the
substrate surface. This, in turn, leads to highly effective corrosion protection [28-30].
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2.1.1. Silicon-Based Nanoparticle Modification

Dai et al. [31] studied the effect of silicon-based composite particles on the perfor-
mance of epoxy resin. The three different silicon-based nanoceramic particles of SizNy,
5i0;, and SiC were selected to modify the epoxy resin, and their corrosion resistance and
stability performance were investigated. The research results show that epoxy resin exhibits
good compatibility with nanoparticles. Among them, the SiC-modified resin showed a
strong corrosion resistance, with a corrosion current density of 1.525 x 107% A/cm? and a
maximum coating resistance of 9.405 x 10° Q).

Xu et al. [32] conducted a study on the modification of epoxy coatings using hy-
drophobic nano-SiO;. They prepared modified epoxy anticorrosion coatings by mixing
triethoxypropane tricyanide, diethyltriamine, and nano-5iO;, and Q235 carbon steel was
employed to test its corrosion resistance. The results reveal that the modified epoxy coating
exhibits excellent hydrophobicity and good thermal stability at 250 °C with only a weight
loss of 3%. With a thickness of 10 um, the electrochemical impedance of the material is
5.25 x 10° Q-cm?. The addition of the hydrophobic SiO, nanoparticles effectively extends
the diffusion path of the water-soluble corrosive media, making the penetration of corrosive
media more difficult, and leading to enhanced corrosion protection.

2.1.2. Titanium-Based Nanoparticle Modification

Shafaamri et al. [33] studied a preparation method of polydimethylsiloxane (PDMS)-
modified nano-TiO;-modified epoxy resin. The research results show that PDMS has an
extremely low surface energy. As a modifier, it can improve the hydrophobicity of the
paint film without changing the degree of curing and dispersion of the coating. For the
EP-PDMS-TiO, mixed modified resin, the contact angle reached 103.2°. At the same time,
the introduction of nano-TiO, significantly improved the blocking performance of the
coating to the corrosive medium. Nano-TiO, changes the network structure of the epoxy
matrix, and the nanoparticles and the polymer matrix are reorganized to close the voids in
the epoxy matrix network to prevent corrosion by medium infiltration. When the amount
of nano-TiO, introduced is 0.1 wt.%, the barrier properties of the paint film are significantly
improved.

Mo et al. [34] used fluoro-methylhydro-silicone oil, which was blended with nano TiO,
particle after it was prepared by methylhydro-silicone oil and dodecafluoroheptyl-propyl-
trimethoxysilane, as raw materials. The Organic/TiO, composite coating was fabricated
on a steel substrate using a sol-gel method. The preparation process of the composite
coating is shown in Figure 2, and they tested the hydrophobic and corrosion resistance
of the coating. The test results show that the corrosion potential of bare steel is increased
from —1.15V to —0.91V, —0.98V, and —0.93V, respectively, by modifying the TiO,, methyl
hydrosilicone oil, and fluoromethyl hydrosilicone oil coatings, while the best corrosion
potential of TiO, /fluoromethyl hydrosilicone oil is —0.85V, and the water contact angle can
reach 151.5 + 1°.

2.1.3. Composite Nanoparticle Modification

Zhong et al. [35] prepared reduced graphene oxide-silica nanocomposite particles
(rGO-5i0O,) using ball milling and modified the nanoparticles using a coupling agent of
NH,C3HgSi(OCyHs); (KH550) so that they could be used in the fluoroethylene vinyl ether
(FEVE) coating. A better dispersion performance is obtained, and the modified FEVE
performance is tested. The experimental results show that the KH550-modified rGO-5iO,
is distributed in the coating and effectively extends the corrosion path, which improves
the protective properties of FEVE. In the 30-day test, the electrochemical impedance of the
rGO-SiO;-reinforced FEVE coating was maintained at 10'° )-cm?, and the protection rate
reached 95.18%. The diffusion path model diagram of the corrosive medium is shown in
Figure 3.
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Figure 2. Schematic diagram of the preparation process of the composite coating [34]. Fluoro-
methylhydro-silicon oil is prepared via dehydrogenation coupling reaction of dodecafluoroheptyl-
propyl-trimethoxysilane and methylhydro-silicone oil. The superhydrophobic coating was fabricated
using a sol-gel method (With permission from Ref. [34] under a Creative Commons license, ESG
(www.electrochemsci.org, accessed on 11 October 2023), open access).

Corrosive solution

Figure 3. Diffusion path model diagram of the corrosive medium [35]. In the pure FEVE coating,
the corrosive media can directly pass through different kinds of defects in the coating to corrode
the metal substrate. In the rtGO/FEVE coating, although the sheet structure of rGO causes obstacles,
the defects resulting from the agglomeration of rGO allow the corrosive media to pass through. In
the M-rGO/SiO, /FEVE coating, the well-dispersed SiO, nanoparticles and the rGO sheets form
a three-dimensional structure with the FEVE matrix to effectively minimize the intrusion of the
corrosive media, resulting in the good anticorrosion performance of the M-rGO/SiO, /FEVE coating
(With permission from Ref. [35], License number: 5645920566068, 2023, Wiley).

Jiang et al. [36] used acrylic monomers and silicone prepolymers for copolymerization
to obtain silicone-acrylic resin (SAR) and added methacryloxy propyl trimethoxyl silane
(KH570)-modified SiO; and TiO; nanoparticles to SAR to prepare their nanocomposite
coatings. The research results show that the introduction of silicone prepolymer improves
the thermal stability and hydrophobicity of the coating, and the addition of nanoparticles
further enhances the hydrophobicity. When the amount of modified SiO, and TiO, mixed
nanoparticles introduced was 3 wt%, the contact angle of the coating reached 108.4°. In a
3.5% NaCl electrolyte solution, the resistance of the coating is greater than 109 Q-cm?, and
the dielectric stability reaches 1800 h.
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2.1.4. Other Nanoparticles Modification

Osipchik et al. [37] modified epoxy resin ED-20 with a polyvinyl monomer to obtain a
polyvinyl-epoxy composite material, and improved the corrosion resistance of the coating
by introducing nano-ZnO particles. The research results show that the composite material
has high adhesion, stability, dielectric properties, etc. The introduction of nano-ZnO
particles reduces the residual stress, and when the introduction amount is 2%, the glass
transition temperature of the composite is reduced, and the coating has better anticorrosion
performance.

Inspired by the microstructure of the epidermis, Ding et al. [38] combined the excellent
adhesion of polydopamine (PDA) and the shielding effect of mica nanosheets (MNSs) to
prepare a composite coating product with independent repair ability. The coating is com-
posed of PDA and PVA, which can completely repair the defects of the water-based coating.
The design concept of the PDA /PVA@MNS coating is shown in Figure 4. The introduction
of MNSs can not only improve the barrier properties of the coating but also be repaired
by polymer materials. The corrosion voltages of the PDA/PVA and PDA/PVA@MNS
coatings are —0.684 V and —0.557 V, respectively, and the corrosion current densities are
8.59 x 107° A-cm? and 2.02 x 1078 A-cm?, respectively. The PDA/PVA@MNS coating
is 102 kQ-cm? lower than the PDA /PVA coating, the resistance of the PDA /PVA@MNS
coating is 553.1 kQ-cm?, and the PDA /PVA@MNS coating has a protection efficiency of
99.8%.

structure Stem -
> A&
(PDA/PVA@MNS s

PvAeuus/ }
structure
— 1

Substrate
Epidermis-inspired coating

(PDA/PVA)10

Figure 4. Design concept diagram of the PDA/PVA@MNS coating [38]. It was noted that the stable
PVA@MNS dispersion provided a satisfactory opportunity to efficiently integrate them into the
coating systems. Interestingly, the PDA was selected as a component to improve the interface binding
forces between the coating system and the steel surface, which was inspired by the mussel that can
attach to a wide spectrum of solid substrates via byssal threads and adhesion plaques consisting of
levodopa (With permission from Ref. [38], License number: 5645921159935, 2023, Elsevier).

Pan et al. [39] used tannic acid (TA) to modify boron nitride nanosheets (BNNSs) to
obtain TA /BNNS materials (M-BNNSs) and compared the prepared nanosheets mixed with
epoxy resin, and an anticorrosion coating with excellent anticorrosion, thermal conductivity,
and mechanical properties was obtained. The thermal conductivity of the coating is
0.45 W/(m-K) and the tensile strength is 15.10 MPa. The Tafel curve and EIS analysis show
that after immersion in a 3.5 wt.% NaCl aqueous solution for 30 min, the corrosion current
density of the 10% M-BNNSs@EP coating was 8.05 x 10~7 A-cm?. After being immersed
for 120 h, the coating still had good corrosion resistance.

2.2. Research on Functionalized Carbon-Based Material-Modified Anticorrosive Coatings

Carbon-based materials such as graphene and CNTs have excellent mechanical and
electrical properties. Graphene-based functional materials such as graphene, graphene
oxide, and reduced graphene have a layered structure [40], providing ultrahigh isolation
properties that can reduced porosity and improved shielding effect of the coating [41,42].
However, due to the high specific surface area and van der Waals forces between graphene
layers, graphene tends to aggregate easily. This issue can be addressed by increasing steric
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hindrance between graphene layers through surface modification, in situ polymerization,
doping, etc. This improves its compatibility with the coating system, thereby facilitating
its uniform dispersion within the coating. The modification method of graphene and its
derivatives is shown in Figure 5 [43]. Moreover, carbon-based functional materials like
graphene and its derivatives have excellent conductivity, which allows the electrons lost
by the metal materials to be transferred to the surface of the coating. This process forms
a passivation layer on the metal substrate, effectively preventing the occurrence of metal
corrosion and providing electrochemical protection to metal materials [44].
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Figure 5. Summary diagram of the modification methods of graphene and its derivatives [43].

2.2.1. Graphene-Based Material Modification

Zhang et al. [45] doped polyvinylpyrrolidone (pvp) and graphene oxide (GO) into
EP to improve the shielding of EP coatings. The structure of the PVP/GO composite is
shown in Figure 6. The research results show that in the PVP/GO composite, the spatial
structure of the GO changes, and it is combined in the form of covalent bonds, which
reduces the impact of the GO structural defects. The modification of the GO by PVP
also improves the compatibility of GO. To avoid the agglomeration of GO, the PVP/GO
composite material fills the holes and gaps in the resin layer. After testing, the corro-
sion voltage of the PVP/GO/EP coating is —0.571 V, the corrosion current density is
7.795 x 1077 A-cm~2, the protection rate of the coating reaches 94.69%, and it has good
corrosion resistance.

Inspired by mussels and natural corn, Zhu et al. [46] prepared a bionic graphene
nanosheet and introduced it into an epoxy resin layer. The EP-(GR-DA),-EP sandwich
coating was prepared using electrodeposition. The production method is shown in Figure 7.
Among the graphene and epoxy resin, the presence of dopamine can not only improve the
compatibility between the graphene and the epoxy resin but also fully enhance the shielding
effect of graphene. The research results show that after the functionalized dopamine-
modified graphene oxide is added and the coating is immersed in a 3.5 wt.% NaCl solution
for 90 d, the electrochemical impedance is 1.3 x 10? O-cm?, which is three orders of
magnitude higher, indicating that the coating can have a long-term protection ability. The
mechanism of the coating is shown in Figure 8.
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Figure 6. Schematic diagram of the PVP/GO composite structure [45]. The graphite oxide was
prepared using the improved hummers method. And then, through solution blending, the PVP-
modified GO was prepared (With permission from Ref. [45], License number: 5645930153779, 2023,
Wiley).
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Figure 7. Preparation process diagram of the EP-(GR-DA),-EP sandwich coating [46]. The cleaned
Q235 steel and Cu are used as the cathode and anode of the electrophoretic deposition system,
respectively. The electrophoretic emulsion of the water-based cathode epoxy resin with a 25% solid
content was used as the electroplating solution, and a layer of epoxy resin was deposited on the
surface of the steel using a direct-current (DC) power at ambient temperature. Then, a graphene
interlayer with controlled thickness was prepared by the deposition of graphene oxide/dopamine
electrolyte onto the surface of the pre-deposited epoxy resin using cyclic voltammetry (CV). Finally,
the upper epoxy layer coating was formed using electrodeposition and cured at 160 °C for 15 min
to acquire the bionic sandwich composite epoxy coating (With permission from Ref. [46], License
number: 5645931039170, 2023, Elsevier).
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Figure 8. Schematic diagram of the anticorrosion mechanism of the EP-(GR-DA),-EP sandwich
coating [46]. The graphene arranged parallel to the substrate not only gives full play to the interac-
tion between its high surface area and electrolyte to achieve the barrier limit of graphene, but the
arrangement also effectively prevents the penetration of the corrosive medium and prolongs the
diffusion path of the corrosive substances. Secondly, the bionic sandwich composite coating can
shield from galvanic corrosion by avoiding direct contact with the substrate. Finally, the presence
of dopamine enhances the interfacial compatibility between the graphene and the epoxy matrix,
and gives graphene a bionic nacre structure to achieve long-term protection of the substrate (With
permission from Ref. [46], License number: 5645931039170, 2023, Elsevier).

Yang et al. [47] prepared aminopropyltriethoxysilane (ATPES)-modified functionalized
graphene nanosheets (-GNPs), grafted amino-terminated polyether to the surface of the
graphene nanosheets, and compounded F-GNPs and water-based acrylic resins to prepare
water-based acrylic coatings with high-anticorrosion performance. The experimental results
show that when the number of GNPs introduced is 3.6 wt.%, it is optimal. GNPs act as
physical isolation. When the amount of modified material introduced is 2.8 wt.%, the
salt resistance time of the coating reaches 600 h. Through research, {-GNPs have more
advantages in interface dispersion and physical isolation, and the prepared coating has
better corrosion resistance.

Li et al. [48] researched a coating with a “labyrinth structure” using [3-(2-aminoethyl)
aminopropyl] trimethoxyl silane (KH792)-modified graphene oxide to obtain a modified
composite material (MGO). The MGO has excellent dispersibility and corrosion resistance,
and the layered GO structure does not change. The increase in the interlayer spacing can
be compared with that of resin. Cross-linking occurs, forming an anticorrosion path similar
to a “labyrinth structure”, which reduces the conductivity of the GO. The research results
show that when the amount of MGO introduced is 0.5 wt%, the protection efficiency of
the material reaches 99.7%. A schematic diagram of the KH792-modified GO is shown in
Figure 9.

Shen et al. [49] prepared a coating that combined the common advantages of zinc-
rich epoxy (ZRC) and graphene and analyzed the mechanism. A liquid (IL) was used to
modify the GO to improve its dispersibility. The research results show that the Rc value of
EP + GO/ZRC + GO gradually decreases from 7.76 x 107 Q-cm? to 2.47 x 10° Q-cm?.
The barrier performance and cathodic protection are provided by the special double-layer
structure of EP + GO/ZRC + GO. The synergistic effect gives the coating excellent protective
properties.
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Figure 9. Schematic diagram of GO modified by (2-aminoethylamino)propyltrimethoxysilane [48].
GO was prepared using an improved Hummers method at medium temperature. The OH groups
were produced by the hydrolysis of [3-(2-aminoethyl) aminopropyl] trimethoxysilane, which reacts
with the carboxyl group of GO along with the amino group (With permission from Ref. [48], License
number: 5645931510105, 2023, Elsevier).

Shi et al. [50] prepared carboxymethyl chitosan-functionalized graphene (CMCS-rGO)
nanomaterials using noncovalent functionalization methods and introduced them into
waterborne epoxy (w-EP) coatings as nano-anticorrosive additives. The preparation of
CMCS-rGO is shown in Figure 10. The research results show that the introduction of
CMCS-rGO into the w-EP system can improve the corrosion resistance of the coating.
After immersion for 180 d, the Rc value of the EP and rGO/EP coatings decreased from
8.45 x 107 0:em? and 1.03 x 10® OQ-em? to 1.97 x 10° O-cm? and 1.67 x 10° Q-cm?,
respectively, and that of the 0.2% CMCS-rGO/EP coating was 9.98 x 107 Q)-cm?, indicating
that the CMCS-rGO nanomaterial can significantly improve the corrosion resistance of the
EP coating.
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Figure 10. Production process chart of CMCS-rGO [50]. Loading carboxymethyl chitosan onto the
surface of graphene can prevent the direct connection of graphene-graphene and graphene-steel,
thus inhibiting the occurrence of galvanic corrosion and leading to excellent corrosion resistance
(With permission from Ref. [50], License number: 5645940209125, 2023, Elsevier).
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2.2.2. Carbon Nanotube-Based Material Modification

Vu et al. [51] used a concentrated mixed acid of HNO3:H,SO4 = 1:3 to process mul-
tiwalled carbon nanotubes (MWCNTS5) to obtain oxidized multiwalled carbon nanotubes
(o-MWCNTs). The preparation process of o-MWCNTs is shown in Figure 11. The o-
MWCNTs can be added as a preservative to an epoxy coating. The functional group formed
by the oxidation process can improve the adhesion characteristics of the coating, and it can
also form a connection with the substrate surface through the charge change. The research
results show that the resistance value and capacitance value of the pure EP coating are
124 KQ-cm? and 36.2 x 1072 F-cm ™2, respectively, the resistance value of the EP/MWCNT
coating increases to 1376 KQ-cm?, and the capacitance value decreases to 5.4 x 10~ F-em 2.
The resistance value of the EP/o-MWCNT coating increased to 2566 KQ-cm?, and the
capacitance value dropped significantly to 1.2 x 10~? F-cm 2. The EP/0o-MWCNT coating
exhibits the highest corrosion resistance.
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Figure 11. Preparation process diagram of o-MWCNT [51]. The pristine MWCNTs were immersed
in a blended concentrated acid of HNO3; and H,SO4 (with a ratio of 1/3) for 2.5 h at 80 °C (With
permission from Ref. [51], License number: 5646210958621, 2023, Springer).

The experimental results of Zhang et al. [52] show that the synthesized PANI/CNT
nanocomposites have reversible redox activity in both acidic and neutral media. When the
coating is damaged, the anodic protection of the passive film formed on the metal surface
plays a decisive role. The PANI/CNT (8:1) nanocomposites have the best metal corrosion
resistance. The anticorrosion mechanism of the PANI/CNY nanocomposite coating is
composed of the synergistic structure—activity relationship of the nano shielding effect,
cathodic inhibition effect, and anodic protection effect. The preparation scheme of the
PANI/CNT nanocomposites is shown in Figure 12.

Saurav et al. [53] introduced functionalized multiwall carbon nanotubes/polyindole
(MWCNT/PIn) composites into epoxy resin to prepare a low-carbon steel anticorrosion
coating with excellent performance. As a conductive polymer, PIn can show supercapac-
itor performance when combined with carbon nanotubes. The carboxyl functionalized
MWCNT and PIn are combined through noncovalent bonds to form a nanohybrid. The
preparation of the MWCNT/PIn nanohybrid is shown in Figure 13. The MWCNT/PIn
nanocomposites were uniformly dispersed in the epoxy resin to improve the anticorrosion
and barrier properties of the coating. The experimental results showed that when the
MWCNT/PIn content was 0.25 wt%, the impedance of the coating was 107 Q)/cm?2. When
the MWCNT/PIn is introduced into the coating, the micropores and small defects in the
coating are blocked, which extends the path of the corrosion medium to the interface
between the coating and metal, reduces the possibility of the oxidation-reduction reaction
at the interface, and effectively inhibits the formation of corrosion products.
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Figure 12. Preparation of PANI/CNT nanocomposites [52], which was prepared via aniline polymer-
ization in CNT aqueous dispersion (With permission from Ref. [52], License number: 5645940431352,
2023, Elsevier).

H2S04+HNO3

Figure 13. Preparation Diagram of the MWCNT/PIn Nanohybrid [53]. First, the MWCNTs were
functionalized in an H,SO4 /HNOj; aqueous solution. Then, they were added into an indole monomer
solution, through APS initiate indole polymerization, to prepare the MWCNT /Pin nanohybrid (With
permission from Ref. [53], License number: 5645940709521, 2023, Elsevier).

2.3. Research on New Functional Material-Modified Anticorrosion Coating

As the performance requirements of coating products in various fields are increasing,
coating products are required to have certain special functions in some special fields so that
an increasing number of new composite materials and functional materials are widely used
in the field of coatings [54]. Phosphoric acid-based materials, polyaniline, organic silicon,
fluoride, and other functional composite materials with excellent anticorrosion properties,
according to their different anticorrosion mechanisms, play a very important protective role
in different types of anticorrosion coatings [55-58]. At present, the method of modifying
anticorrosive coatings with functional materials is generally based on blending modification.
First, materials with special functions are synthesized, and then surface modification or
coating is performed to make them uniformly dispersed in the coating, thereby obtaining a
functional anticorrosion coating [59]. At the same time, new functional materials such as
microcapsules can also be introduced to give the coating a certain self-repairing function.
When the coating surface is damaged macroscopically or microscopically, the microcapsules
can release the repairing components to reattach the damaged part of the coating. Joint
film formation prevents coating failure, thereby prolonging the use time of the coating and
effectively slowing down the corrosion rate of the metal substrate [60-62].
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2.3.1. Prevent Corrosion Medium from Penetrating

Parineeta et al. [63] extracted neem seed oil from neem seeds and reacted it with maleic
anhydride and terephthalic anhydride using an alcoholysis-polyester vulcanization method
to prepare a neem seed oil-based alkyd resin. The research results show that during the
resin synthesis process, as the proportion of maleic anhydride increases to enhance the
degree of densification of the coating and gradually form a three-dimensional structure,
it is more difficult for corrosive media to enter the inside of the coating, and the maleic
anhydride coating contains 75% of water. The contact angle is 97.9°, indicating that the
coating has better hydrophobicity and thus has better anticorrosion performance.

MoS; has good anticorrosion properties and can be used as an anticorrosion additive
for coatings. However, MoS; has poor dispersibility and compatibility with resin systems
and needs to be modified by wetting and dispersing to improve its dispersion properties.
Liu et al. [64] used 3-aminopropyltriethoxysilane (APTES) to modify MoS; so that an
organic thin layer appeared on the surface of MoS,, giving it better compatibility. The
process flow of the APTES-modified MoS; is shown in Figure 14. Through the experimental
analysis of the waterborne epoxy coating introduced with the MoS,-APTES, after being
immersed in 3.5 wt.% NaCl solution for 50 d, the electrochemical impedance of the coating
was 3.647 x 107 Q-cm?. After the introduction of the MoS,-APTES with good dispersion
properties, the diffusion path of the corrosive medium is prolonged, thereby delaying
the time for the corrosive medium to contact the substrate and improving the corrosion
resistance of the coating.

Figure 14. Synthesis process diagram of the APTES-modified MoS; [64]. APTES hydrolyzed first
and then reacted with MoS, in an ethanol solution (With permission from Ref. [64] under a Creative
Commons license, MDPI, open access).

2.3.2. Base Surface Passivation

Sumi et al. [65] prepared a polyaniline-Fe, O3 (PANI-Fe,O3) composite material via
in situ synthesis and blended the material with alkyd resin, giving a high-anticorrosion
performance “conductive polymer-metal oxide-alkyd resin” hybrid coating. The research
results show that the material has good metal passivation ability and can be used as an
anticorrosion filler in the coating compounding process. When the introduction amount
was 2 g/L, the paint film exhibited the best anticorrosion performance.

Iman et al. [66] prepared a zinc-aluminum layered composite oxide coating (LDH-CC)
modified with sodium diethyldithiocarbamate (DEDTC) and conducted experiments on
the surface of an AA2024-T3 alloy to study its anticorrosion properties. The experimental
results show that the DEDTC modifies LDH-CC through an ion exchange process. Due
to the existence of ion exchange capacity, the LDH-CC coating inserted into tDEDTC can
induce the AA2024-T3 alloy to indicate passivation and exhibit an active anticorrosion
effect.
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Wang et al. [67] used polyethersulfone and epoxy resin as the matrix resin, a double-
layer coating was prepared, and a primer with high-corrosion resistance was prepared
by introducing different contents of polyaniline (PANI), polytetrafluoroethylene (PTFE),
and topcoat. Because PTFE has low surface energy, it can have excellent surface-shielding
performance in the topcoat; in the primer, PANI can quickly form a passivation layer
after contacting the corrosive medium and the metal substrate to protect the metal sub-
strate for a second time. The results show that when the amount of PANI introduced is
40 wt% the overall performance of the coating is the best, and the use of a double-layer
coating composed of 40 wt% PANI primer and PTFE topcoat is effective in adhesion
and electrochemical corrosion resistance. Excellent performance in terms of salt spray
performance and other aspects, with extremely high corrosion resistance, is observed.

2.3.3. Shielding Effect

Yin et al. [68] studied an environmentally friendly inorganic magnesium phosphate
coating (MPC), which can effectively prevent the formation of pores between the coating
and the substrate. The research results show that the coating has no obvious corrosion
in a neutral NaCl salt spray for 2400 h. After immersing the MPC-modified coating in a
3.5 wt.% NaCl solution for 30 min, the electrochemical impedance is (1.8 4- 0.6) x 10* Q-cm?.
After soaking for 24 h, it drops to the lowest value of (8.2 + 1.7) x 10® Q-cm?, and then
finally increases gradually. After soaking for 14 d, it rises to (1.9 £ 0.2) x 10* Q-cm?. The
MPC coating did not corrode after being immersed for 14 d. According to the analysis,
the passivation of the MgO in the coating is an important factor affecting the corrosion
performance of the coating, and the shielding effect and dissolved phosphate ions further
enhance the protective effect.

Zhang et al. [69] prepared a PEDOT-hydroxypropyl-p-cyclodextrin (P-CD)-coated
composite material. PEDOT has good steric hindrance and ion exchange properties but
has relatively poor compatibility. The compatibility can be improved through coating
modification and it can be added as a preservative to anticorrosive coatings. The prepa-
ration process of the P-CD is shown in Figure 15. The research results show that the
P-CD can be fully fused with epoxy resin, and the coating has a better anticorrosion
effect by its using shielding and passivation effects. According to EIS analysis, the elec-
trochemical impedance of the 0.5 wt.% P-CD coating is 2.20 x 10° Q-cm?, which drops to
4.84 x 10® Q-cm? after immersion for 80 days, which is significantly higher than that
of pure epoxy resin. P-CD with good dispersion performance can greatly improve the
shielding ability of epoxy coating.

\‘ > Fe(OTs),
n + —_—
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Figure 15. Schematic diagram of the P-CD preparation process [69]. In the mixed solution of

EDOT and HP-B-CD, an Fe(OTs)3 solution was dropped in to initiate the EDOT to polymerize (With
permission from Ref. [69] under a Creative Commons license, ESG (www.electrochemsci.org, accessed

on 11 October 2023), open access).
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2.3.4. Improve Resistivity

He et al. [70] studied and prepared a siloxane-based epoxy resin (SiEP) containing
benzoxazine (Ba) by blending. The study results show that SiEP resin can provide a large
number of Si-O-5i bonds that increase the water contact angle, in which the optimal water
contact angle is 108°. At the same time, it also solves the problem of the high brittleness
and high adhesion of PBa. The corrosion current density of the modified coating decreased
by 104 A-cm 2, and the resistance value increased from 955 () to 32,285 Q) after modifying
the protective properties of the coating up to 99%.

Zhang et al. [71] grafted KH550 and trifluorotrimethyltriethoxysilane (FAS) onto
KH560 to prepare a BN@F-SiC composite material, dispersed the material in epoxy resin,
and tested the performance of the prepared coating. The research results show that when
the ratio of BN@F-SiC is 2:1, the material dispersion performance is the best, and the water
contact angle of the coating reaches 118°; compared with the F-SiC coating, the friction
coefficient is reduced by 89.68%. EIS analysis shows that when the BN@F-SiC(2:1) /EP
coating is immersed for 400 h and the frequency is 10~2 Hz (1Z10.01 Hz), the electrochemi-
cal impedance of the coating reaches 10'° 0-cm?, which has excellent anticorrosion and
friction resistance performance. The preparation and mechanisms of BN@F-SiC are shown
in Figure 16.
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Figure 16. Schematic diagram and mechanisms of preparation of the BN@F-SiC composite and BN@F-
SiC(2:1)/EP coating [71]. Nano-SiC was grafted by y-aminopropyl-triethoxysilane and 1H,1H,2H,2H-
trifluoro-noctyltrie-thoxysilane, BN was grafted by glycidoxy-propyltrimethox-ysilane. The BN@F-
SiC filler was prepared by depositing modified Nano-SiC on BN and then added into epoxy resin to
prepare the anticorrosion coatings (With permission from Ref. [71], 2023, ACS).

2.3.5. Self-Repair Coating

Liu et al. [72] synthesized a polyaniline-based plate (PANP) via chemical oxidation and
introduced it into an epoxy resin system to study the anticorrosion performance and self-
healing ability of the coating. The research results show that PANPs with good dispersion
performance can have a strong shielding performance, and the electrical activity of PANPs
can promote the self-repairing phenomenon of the coating. The EP coating with 1.0 wt.%
PANP introduced has good anticorrosion performance. After 40 d of soaking, the water
absorption rate is 2.23%. The O, shielding effect is 7.92 x 1071 cm® cm cm 25~ 'Pa~!
After immersion in a 3.5 wt.% NaCl solution for 40 d, the electrochemical impedance of
the coating can still reach 1.94 x 10° Q)-cm?, and because of the presence of the polyaniline
molecules, it is shown that a passivation layer composed of Fe;O3 and Fe3Oj is formed on
the substrate, which makes the coating exhibit a self-repairing ability. The anticorrosive
mechanism of the coating is shown in Figure 17.
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Figure 17. Anticorrosion mechanism diagram of the EP (a) and PANP/EP (b) coatings [72]. For the
pure EP coating, corrosive substances are likely to reach the surface of metal substrate because of the
poor barrier effect. However, for the as-prepared PANP-doped coating, the protective effect originates
from the combination of the barrier and corrosion inhibition effects. Furthermore, the redox behavior
of the PANI can induce the formation of passive layers that play a key role in the corrosion protection
of mild steel (With permission from Ref. [72], License number: 5645950089916, 2023, Elsevier).

Guo et al. [73] microencapsulated polyaspartate (PAE) and diisocyanate (IPDI) th-
rough an in situ synthesis method. The diameter of the microcapsules was between
2.66-11.25 um, and the prepared PAE-IPDI double microcapsules were introduced into the
epoxy coating to study the self-repairing and anticorrosive capabilities of the microcapsules
in the coating. The self-healing mechanism of the double microcapsules is shown in
Figure 18. The research results show that when microdamage occurs inside the coating,
the IPDI can react with the PAE to form a self-healing PU layer to prevent the further
penetration of corrosive media and effectively protect the substrate. With increasing
microcapsule load, the repair and anticorrosion efficiency also increases. When 15 wt.% is
added, the repair rate can reach approximately 93%.

released PAE  released IPDI newly generated polyurea

IPDI microcapsule

PAE microcapsule

epoxy resin ruptured microcapsules healed site

(a) (b) (c)

Figure 18. Schematic diagram of the self-healing mechanism of the double microcapsules [73].
(a) First, the IPDI microcapsules and PAE microcapsules were evenly embedded into the epoxy
resin matrix. (b) Upon the external force worked on epoxy coating, the formation and extension of
a microcrack would result in microcapsules broken mechanically, and the IPDI and PAE released
and contacted with each other on account of the capillary effect. (c) Finally, the scratched area was
filled by the newly formed PU layer via the nucleophilic addition reaction of isocyanate-amine at
room temperature. In this manner, the dual-component microcapsules autonomously healed their
destruction and thus protected the substrate from further corroding (With permission from Ref. [73],
License number: 5672360866998, 2023, Wiley).
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Adibzadeh et al. [20] prepared a microcapsule material filled with vinyl ester resin
(VER) and benzoyl peroxide (BPO). The synthesis method of the microcapsule is shown
in Figure 19, and the microcapsule is added to the epoxy resin system. The corrosion
resistance and self-repair performance of the coating are studied through salt spray tests
and EIS. The results of the study showed that as the number of microcapsules introduced
gradually increased, the self-healing ability of the coating gradually increased. When the
number of microcapsules introduced was 20 wt.%, the self-healing ability of the coating was
best. After the coating was immersed in NaCl electrolyte for 336 h, the coating resistance
decreased from 7.3 x 10° Q to 1.6 x 10° O); the coating with a content of 20 wt.% was
applied to the surface of carbon steel, exposed to 50% in the salt spray test, and corrosion
occurred.
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Figure 19. Schematic diagram of the synthesis of the microcapsules containing VER or BPO [20].
The VER or BPO/DPB were added to the GA /Gel solution to form solid-in-oil-in-water. And then,
the pH of the dispersion was adjusted by adding a NaOH solution. Then glutaraldehyde solution
was added to the mixture to form a microcapsule (With permission from Ref. [20], License number:
5672361333700, 2023, Elsevier).

3. Summary and Outlook

As the most effective way to prevent the corrosion of metal materials, anticorrosion
coatings provide a safe and reliable solution for the protection of metal materials. With the
gradual increase in the amount of metal used, the use environment is gradually becoming
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more complicated, especially in marine facilities, high-humidity and cold environments,
and chemical production. The anticorrosion performance requirements of other fields are
gradually increasing. However, as research on the anticorrosion mechanism and functional
new materials continues, more new anticorrosion coating products will be applied. To
comprehensively improve the performance of anticorrosion coatings and manufacture new
functional anticorrosion coatings, work can be carried out via the following aspects:

(1) Research and develop new anticorrosive resin products. As the basis of coating
products, resin performance often determines the basic performance of the coating.
The preparation of functionally modified anticorrosion resin products can provide a
basic guarantee for the development and production of anticorrosion coating products.

(2) Develop functional anticorrosion additives. The research and development of func-
tional anticorrosion additives gives anticorrosion coating products excellent anticor-
rosion performance. Research on new materials and the functional modification of
existing materials has high research significance.

(8) In-depth study and expansion of the corrosion mechanism. The mechanism of anti-
corrosion coatings mainly focuses on preventing media penetration, extending the
diffusion path, electrochemical protection, metal surface passivation, and self-repair.
The in-depth study of the anticorrosion mechanism, discussion of new methods, and
expansion of anticorrosion methods from a theoretical level should be conducted, and
direction for the research of anticorrosion coatings should be provided.

(4) Take water-based anticorrosive coatings as the research focus. As the country pays
increasing attention to environmental issues, solvent-based coatings have been unable
to meet the requirements of an environmentally friendly society. The development of
high-efficiency anticorrosive water-based and solvent-free coating products and the
promotion of the “oil-to-water” transformation of the coating industry have become
the main directions of the future development of the coating industry.
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