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Metal corrosion causes great economic losses, wastes resources, pollutes the environment and damages
personal safety. With the birth of the two-dimensional (2D) material graphene, there has been an
upsurge in research on two-dimensional materials. Because of their excellent physical and chemical
properties, two-dimensional materials have great application potential and prospects in the field of
metal corrosion protection. Two-dimensional transition metal layered materials including layered double
hydroxides (LDHs), transition metal carbonitrides (MXenes) and transition metal dichalcogenides (TMDs)
have also received extensive attention. This article briefly introduces the above three two-dimensional
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DOI: 10.1039/d3ma00919j transition metal layered materials. The current application status of LDHs, TMDs and MXenes in the field

of metal anti-corrosion is focused on. Some studies that can be carried out in the future with the two-
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1. Introduction

In 2004, Andre K. Geim and Konstantin Novoselov obtained
graphene by a simple exfoliation method." Two-dimensional
nanomaterials have attracted extensive research attention since
then.>” Among them, two-dimensional transition metal layered
materials including layered double hydroxides (LDHs),*” tran-
sition metal dichalcogenides (TMDs)® " and transition metal
carbonitrides (MXenes)"> ' have also received extensive atten-
tion. Two-dimensional transition metal layered materials have
a large specific surface area,'” excellent physical and chemical
properties,'®*?' and have been widely used in a lot of fields,
including energy storage and conversion,?>* catalysis,*®>°
biomedicine,***' metal corrosion and prevention,**** flame
retardants,> ™ etc. This article focuses on two-dimensional
transition metal layered materials and their applications in
corrosion prevention.

1.1. Layered double hydroxides (LDHs)

LDHs, commonly known as hydrotalcites, are typical two-
dimensional layered materials composed of two or more metal
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dimensional transition metal layered materials in corrosion prevention are proposed.

elements.’”*® In 1942, Feitknacht et al. first prepared LDHs
through the co-precipitation method by reacting magnesium
chloride, aluminum chloride, etc. with hydroxide. With exten-
sive research, the structure of LDHs has been clarified. The
synthesis method has been continuously proposed, and the
application field of LDHs is also broadened. LDHs consist of a
positively charged brucite-like layer and an interlayered region
containing negatively charged anions or solvation molecules.
The general structural formula of LDHs is [M; _,>*M,*"(OH),]**
(A"),/nyH,0, where M*" and M** represent divalent and triva-
lent metal cations in the laminate, A"~ refers to the interlayer
anion, and y is the amount of crystal water.**™** The structure
of LDHs is shown in Fig. 1.*°

The anions between the layers can maintain the charge
balance, making LDHs, as a whole, electrically neutral. LDHs
are characteristic of the exchange of interlayer anions with
external counterparts, which is ascribed to the weak or trivial
crosslinking between the host layers.*® The host laminates of
LDHs are orderly combined with interlayer anions through
electrostatic interactions, van der Waals forces, and hydrogen
bonds. The types of metal elements in the laminates and the
interlayer anions can be adjusted to realize the controllable
synthesis of LDHs. In addition, the interlayer anions of LDHs
are exchangeable, which allows the synthesis of a variety of
functional anion-intercalated LDHs. LDHs also have thermal
stability and structural memory effects. LDHs have been widely
used in biomedicine, catalysis, sensors, optoelectronic devices,
thin films, corrosion resistance and other fields.*”™*°

The preparation methods of LDHs include the co-preci-
pitation method, the roasting reduction method, the ion
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Fig. 1 The structure of LDHs. Reproduced with permission from ref. 45.
Copyright 2021 Royal Society of Chemistry.

exchange method, the hydrothermal method and the sol-gel
method and so on. The co-precipitation method is to mix the
metal salt solution constituting the laminate with the alkali
solution under certain conditions to nucleate, and then crystal-
lize at a certain temperature to form LDHs, which is the most
commonly used method for preparing LDHs.”°>> However,
the preparation of LDHs by the co-precipitation method
has problems such as poor crystal form and uneven particle
size. The hydrothermal method uses insoluble oxides and
hydroxides of metal ions and alkaline solutions as raw materials
to prepare LDHs under high temperature and pressure
conditions.*®* Compared with the co-precipitation method, LDHs
prepared by the hydrothermal method have better crystal form
and a uniform particle size distribution. Based on the exchange-
ability of LDH interlayer anions, the ion exchange method
replaces anions and inserts the required anions, thereby endow-
ing LDHs with new properties.”> Based on the structural
memory of LDHs, the metal oxide after LDH roasting is placed
in an aqueous solution of the anion to be intercalated at a certain
temperature to rebuild the layered structure of LDHs. This
method can prepare LDHs with different anions but the same
structure as the initial structure.>®*’

1.2. Transition metal carbonitrides (MXenes)

In 2011, Yury Gogotsi et al. reported a two-dimensional mate-
rial obtained by removing Al in Ti;AlC, with hydrofluoric acid
and named it MXene.>® The precursor of MXenes is a class of
ternary layered compounds (MAX) with a unified chemical
formula M,,,;AX,,, where M is a transition metal, A is III or IV
groups elements, X is C or N atoms, and 7 = 1, 2, 3, etc.>>®® In
MAX, M atomic layers and A atomic layers are alternately
arranged to form a close-packed hexagonal layered structure,
and X fills the octahedral gaps (as shown in Fig. 2).*

In MAX, there is a strong covalent bond or ionic bond
between M-X, and a weak metal bond between M-A. So MXene
materials can be obtained by etching the atomic layer of A.®>
MXenes have hydrophilicity,® great biocompatibility and
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Fig. 2 Structures of MAX and the corresponding structures of MXenes.
Reproduced with permission from ref. 61. Copyright 2014 Wiley.

electrochemical performance, and high conductivity.®"*

Due to the unique physical and chemical properties of MXenes,
they have received extensive attention and research studies in
the fields of sensors, biomedicine, catalysis, energy storage and
conversion, and multifunctional polymer composites.®®”"* The
current methods for preparing MXenes mainly include etching
and bottom-up methods. HF is the first reported etchant for the
successful preparation of MXenes.”> However, due to the strong
corrosiveness and high toxicity of HF, with the deepening of
MXene research, the process of preparing MXenes has gradu-
ally developed in a greener and more environmentally friendly
direction. The currently reported etchants include solutions of
LiF and HCI, molten fluoride salts, molten transition metal
halides, high-temperature alkali solutions, etc.”>””> In addition,
electrochemical etching can also be used to prepare MXenes,
which provides a new idea for the preparation of MXenes.”® The
bottom-up approach is to prepare MXenes by chemical vapor
deposition, which can obtain MXenes with large areas, high
quality and fewer defects.

1.3. Transition metal dichalcogenides (TMDs)

TMDs have a graphene-like two-dimensional layered structure,
and the general formula can be written as MX,, where M
represents a transition metal element (such as Mo, W, Ti,
etc.), and X refers to chalcogen elements (S, Se and Te).””"”®
The structure of a single-layer TMD generally presents an
X-M-X sandwich structure. The TMD layers are connected by
weak van der Waals forces, and there are strong chemical
bonds in each layer plane. In 1963, Robert Frindt obtained an
ultrathin MoS, layer by cutting from the surface of a large MoS,
crystal.”” TMDs have now been widely used in optoelectronic
devices, catalysis, quantum information, energy storage, corro-
sion resistance and other fields.®*®’

The top-down preparation methods of 2D TMDs mainly
include mechanical exfoliation, liquid-phase ultrasonic exfoliation,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and intercalation-based exfoliation.** The method of mechanical
exfoliation is easy to operate, but the size and number of layers
prepared are uncontrollable. In addition, this method cannot
prepare TMDs on a large scale. Liquid exfoliation refers to the
direct peeling of TMDs by destroying the van der Waals interaction
between TMD layers using ultrasonic waves in a solvent.
Intercalation-based exfoliation is used to prepare TMDs by inter-
calating ions or molecules to increase the interlayer distance and
weaken the interlayer interaction. Bottom-up preparation methods
include the hydrothermal method and the chemical vapor deposi-
tion (CVD) method.

2. Corrosion

2.1. Corrosion mechanism and corrosion damage

Metal materials can easily interact with the surrounding
environment to cause metal corrosion, resulting in the loss
and degradation of metal materials.*® The huge harm caused
by metal corrosion involves various aspects such as public
health safety, human health, economic loss, waste of resources,
etc. Metals are purified from metal ores by the metal smelting
technology.®® From a thermodynamic point of view, the ore
exists in a thermodynamically stable state. In the process of
extracting pure metal, energy is forced into the ore, so the metal
is in a thermodynamically unstable state. Metal corrosion is a
process that releases energy and causes the metal to return to
the lowest energy stable state. During this process, metal
materials would lose their properties. The most common type
of corrosion is electrochemical corrosion. The metal comes into
contact with the electrolyte solution to form a corroded primary
battery, resulting in the destruction of the metal materials and
the inability to do any useful work for the outside world.®”
Electrochemical corrosion includes three processes, the anodic
process, cathodic process, and current loop. Among them, the
anode process is that a metal substrate dissolves when it comes
into contact with the corrosive medium (M — M"" + ne™), and
then enters the media in the form of metal ions. The cathode
process is that the electrons flowing from the anode are
absorbed by oxygen and hydrogen ions, etc. (O, + 2H,O +
4e” — 40H; 2H' + 2¢~ — H,1). There is a current flowing
in the middle, forming a current loop.®® As long as any one of
these three processes is stopped, corrosion would be prevented.
Therefore, metal corrosion prevention measures are aimed at
blocking these three processes.

2.2. Corrosion prevention measures

Metal corrosion prevention measures include changing the
inherent structure of the metal,®® improving the corrosion
environment,” electrochemical protection including cathodic
protection and anodic protection,”®> and metal surface coat-
ings. Forming a covering layer on the metal surface, including
metal plating, chemical conversion coatings, polymer coatings,
etc., can isolate the contact between the metal materials and
corrosive media to greatly prevent the damage of corrosive
media.”®™%

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

The incorporation of 2D nanomaterials in metal corrosion
prevention has been extensively studied. Due to the layered
structure, large specific surface area, excellent impermeability,
and mechanical properties of two-dimensional materials, they
can play a labyrinth effect in coatings. This article mainly
focuses on the application of 2D transition metal layered
materials in metal corrosion prevention.”®

3. Applications of 2D transition metal
layered materials in corrosion
prevention

3.1. Applications of LDHs in corrosion prevention

Due to the adjustable types of metal ions and anions in LDHs,
LDHs can be controllably prepared. In addition, LDHs have
excellent ion exchange capacity due to their special 2D struc-
ture, which also provides the possibility to insert corrosion
inhibitors in the LDH layers.”””*® LDHs can be doped into
polymer coatings to improve the performance of polymer coat-
ings, and can also be directly applied to the surface of metal
substrates in the form of conversion coatings to protect metals.

3.1.1. LDH conversion coatings. Chemical conversion coat-
ing is an important pretreatment step for metal substrates
before industrial application. Conversion coatings can be used
as intermediate layers between polymer coatings and metal
substrates, and can also directly protect metal substrates from
corrosion damage. Chemical conversion coatings have been
widely used in aerospace, building materials, automotive appli-
ances, and other fields. The most important method for form-
ing LDH conversion coatings is the in situ growth method,
which can directly form vertically oriented LDH coatings on
metal surfaces.’® The in situ growth method can form a strong
chemical bond between the conversion coating and the surface
of the metal substrate, which makes the conversion coatings
have strong adhesion.’® The application research of LDH
conversion coatings on the surface of magnesium alloy and
aluminum alloy substrates is more extensive.

Bouali et al. proposed the mechanism of ZnAl layered
double hydroxide conversion coating on the surface of the
AA2024-T3 aluminum alloy.'®" Their research work proposed
that the LDH conversion coating was controlled by diffusion
reactions, which are divided into three stages. In the first stage,
the original oxide layer rapidly transformed into the AIOOH
intermediate layer. As the pH increased, the AIOOH inter-
mediate layer was partially dissolved, and Al(OH)*~ reacted
with Zn(OH)" to form LDH flakes. The LDH flakes generated
continued to grow to form LDH conversion coatings in the
third stage and protect the surface of the aluminum alloy
substrate from corrosion. Zhao et al. prepared LDH coatings
containing Ce ions on the surface of the AZ31 magnesium alloy.
In addition, their team also successfully prepared 8-hydroxy-
quinoline (8HQ) intercalated Mg-Al LDH coatings on the sur-
face of the AZ31 magnesium alloy.'®> The anti-corrosion
mechanism of the LDH conversion coating in the magnesium
alloy is shown in Fig. 3. LDHs have anion exchange capacity;
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Fig. 3 Mechanism of corrosion inhibition of the 8HQ intercalated Mg—-Al
LDH coating on AZ31. Reproduced with permission from ref. 102. Copy-
right 2020 Elsevier.

Cl™ in the corrosive media can be exchanged with 8HQ, which
would greatly reduce the damage of the corrosive media to the
metal substrate. Secondly, 8HQ can also chelate with Mg>* to
form insoluble precipitate Mg(HQ),, which can seal the defects
of LDH conversion coatings to further reduce the occurrence of
corrosion reactions. The effective synergistic effect of corrosion
inhibitors and LDHs provides a new idea for the corrosion
resistance of magnesium alloys.

Due to the defects of the simply prepared LDH conversion
coatings and the poor performance of the coatings, they cannot
provide more long-term stable protection for the metal sub-
strates. Therefore, research studies on LDH conversion coat-
ings have expanded to multifunctional composite coatings,
such as endowing the coatings with self-healing, self-
cleaning, and superhydrophobic functions to provide longer-
term stable and effective protection for the LDH coatings."*****
Cao et al. prepared a layered ZnAl-LDH-La LDH coating with
superhydrophobic function on the surface of an aluminum
substrate.'® The ZnAl-LDH coating was first prepared by a
hydrothermal method and then soaked in sodium laurate
solution to endow the coating with superhydrophobic proper-
ties. The prepared coating has long-term stable corrosion
resistance performance. Zhang et al. prepared aspartic acid-
intercalated Li-Al LDH conversion coatings on 6N01 aluminum
alloy. The conversion coatings are dense and uniform, and have
self-healing properties.'’® Mohammadi et al. used a one-step
hydrothermal method to prepare a Zn-Al LDH conversion
coating intercalated with benzimidazole on the surface of the
AA2024-T3 metal substrate."®” The modification of the corro-
sion inhibitor benzimidazole molecule effectively improved the
corrosion resistance of LDH conversion coatings. Wang et al.
used the hydrothermal method to grow LDH coatings in situ by
plasma electrolytic oxidation (PEO) (PEO-LDHs) and then
modified the PEO-LDH composite coating with sodium dode-
cyl sulfate (SDS) using an anion exchange reaction (PEO-LDHs-
SDS). The corrosion resistance mechanism of the PEO-LDHs-
SDS composite coating is shown in Fig. 4. Firstly, LDHs can
fill the defects in the PEO coating and capture Cl~ through
anion exchange. Secondly, SDS can endow the coatings with
superhydrophobic properties.'®®

Jian et al. in situ generated sodium pyrithione modified LDH
coatings on the surface of an aluminum alloy, which can
improve the corrosion resistance and antifouling performance
of aluminum alloy 7075 at the same time.'% Li et al. deposited
NiP coating on the surface of Mg-Li alloy, then grew MgAl
LDHs in situ on an NiP coating, and finally modified the NiP/
MgAl LDH double-layer coating with stearic acid (@SA)
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Fig. 4 The corrosion resistance mechanism of the PEO-LDHs-SDS
composite coating. Reproduced with permission from ref. 108. Copyright
2022 Elsevier.
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Fig. 5 The preparation process of the NiP/MgAl LDHs@SA coating.
Reproduced with permission from ref. 110. Copyright 2023 Elsevier.

to achieve the superhydrophobic function of the composite
coatings."'® The preparation process of the NiP/MgAl LDHS@SA
coating is shown in Fig. 5. On the one hand, the LDHs generated
in situ can fill the defects of NiP coating, and on the other hand,
LDHs can capture the corrosion ions. Furthermore, superhydro-
phobic modification would further inhibit the occurrence of
corrosion. The construction of the double coatings provides new
ideas for metal corrosion prevention methods. The above works
confirm that multifunctional composite coatings can protect
metal substrates from damage for a longer period of time.

In addition, ionic liquids, octadecyl-trimethoxy-silane,
salicylic acid, etc. have all been reported for the modifica-
tion of LDHs to enhance the corrosion resistance of LDH
coatings.'"'™** Other two-dimensional materials such as gra-
phene oxide, transition metal carbonitrides and metal-
organic frameworks can also form composite coatings with
LDHs to achieve the purpose of synergistically protecting
metal substrates from corrosion.’**"'® LDH coatings will be
more widely used in future.

3.1.2. Applications of LDHs in polymer coatings. A polymer
is a material with a high molecular compound as the main
component, which is applied to the metal surface to prevent the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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metal substrates from being damaged by corrosion.""”~*°
Multiple protection mechanisms of polymer coatings on metal
substrates are realized through flexible design and formulation.
The solvents of the traditional polymer coatings used are
organic solvents that contain volatile organic compounds,
which are very harmful to the environment and human health.
As environmental protection policies become more and more
stringent, organic coatings are developing in the direction of
water-based coatings. Water-based coatings are environ-
mentally friendly and safer, and the cost of raw materials is
also reduced. Polymer coatings have certain defects, especially
water-based polymer coatings have more defects due to the
volatilization of water and the incompatibility of coating-
forming substances.*® In addition, due to the wide range of
coatings used, polymer coatings inevitably suffer from various
types of corrosion damage during service, when exposed to
various environments. It causes physical, chemical and mechan-
ical damage to the coatings. The barrier protection mechanism of
the coatings depends on the ion impermeability, so the research
on the improvement of corrosion resistance is of far-reaching
significance.

LDHs can act as fillers in polymer coatings due to their 2D
lamellar structure and anion exchange capacity. On the one
hand, LDHs can fill the defects of polymer coatings and block
the penetration of corrosive media. On the other hand, they
have the ability to capture Cl~ to slow down the occurrence of
corrosion reactions. Zhang et al. designed and constructed a
trifunctional filler to improve the corrosion resistance of epoxy
coatings (EP). Basalt scales (Bt) were firstly modified with
polydopamine (PDA) (Bt@PDA), and then molybdate inter-
calated LDH (LM) was grown in situ on the surface of Bt@PDA
(Bt@PDA@LM)."*! The protection mechanism for Bt@PDA®@
LM/EP coating is shown in Fig. 6. In addition to the blocking
effect on corrosive media and the trapping effect on Cl~, the
molybdate corrosion inhibitor released by LDH due to anion
exchange further inhibited the occurrence of corrosion.

The work of Wang et al. reported that sodium tripolypho-
sphate intercalated LDHs as fillers also effectively improved
the corrosion resistance of the waterborne epoxy coating.'*?

View Article Online

Review

The tripolyphosphate ions released by anion exchange have the
effect of chelating iron ions to passivate the metal surface,
thereby preventing the metal substrate from being damaged by
corrosive media. Xu et al prepared zeolitic imidazolate
framework-8 (ZIF-8) in situ on the surface of Zn-Al LDHs and
then loaded the corrosion inhibitor 1H-benzotriazole (BTA)
PVB/(LDH/ZIF-8@BTA).">* LDH/ZIF-8@BTA were filled in the
polyvinyl butyral (PVB) coatings to effectively enhance the
passive and active anti-corrosion performance of the composite
coatings for metal substrates. LDH-conductive polymer compo-
sites can also achieve synergistic anti-corrosion effects. Chetan
B. Pawar et al. applied amino silane to surface treat Zn-Al LDHs
and Mg-Al LDHs synthesized by the precipitation method, and
then grafted conductive polymers polyaniline (PANI), poly-
orthoanisidine (POA), and PANI-POA copolymer onto the sur-
face of LDHs.'* The addition of the synthesized LDH-
conductive polymer composites to epoxy-polyamide based coat-
ings can enhance the pencil hardness, scratch resistance, and
corrosion resistance of coatings. LDHs after functional mod-
ification can better play a corrosion-resistant role in polymer
coatings. Therefore, LDHs have great application prospects in
conversion coatings or as nanofillers for polymer coatings.">>

3.2. Applications of MXenes in corrosion prevention

There have been a lot of research works reporting the applica-
tion of MXenes in corrosion prevention. Due to the large
specific surface area, excellent mechanical properties and many
other superior properties, MXenes can exert the labyrinth effect
in polymer coatings to block the penetration of corrosive
media. However, there are also some problems in applying
MXenes directly into polymer coatings.'*® MXenes are prone to
agglomerate in polymer coatings, resulting in poor dispersion.'*”
MXenes are also easily oxidized and have poor stability."** More-
over, the direct addition of MXenes may cause galvanic corrosion
due to the conductivity of MXenes.'?® Therefore, before MXenes
are added to the polymer coatings, they need to be modified to
achieve great dispersion to better protect the metal substrates.
MXenes can be modified through covalent or non-covalent
interactions.
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Fig. 6 The protection mechanism of the Bt@PDA@LM/EP coating. Reproduced with permission from ref. 121. Copyright 2022 Elsevier.
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The construction of self-healing coatings enables the coatings
to actively protect against corrosion when damaged. Sun et al.
combined mesoporous silica nanoparticles loaded tannic acid
corrosion inhibitor onto the MXene surface as nanofillers for
epoxy coatings.”*® In addition to the passive shielding effect on
corrosive media, when the coatings were damaged, the corrosion
inhibitor tannic acid would be released and react with iron ions to
form a self-healing film to achieve active protection of the metal
substrate.”®! The strategy adopted by Yan et al. was to encapsulate
benzotriazole as the corrosion inhibitor and self-healing agent
in a 2-methylimidazole zinc salt (ZIF-8) nanocontainer (ZB), and
then load the ZB on the amino-functionalized Ti;C,T, surface
(f-TizC,T,-ZB)."** The purpose of amino functionalization of
Ti;C,T, was to improve the dispersion and compatibility of
Ti;C,Tx in the epoxy resin matrix. The schematic illustration
of the synthesis of f-Ti;C,T,-ZB is shown in Fig. 7.

The anti-corrosion and anti-wear performance tests indi-
cated that f-Ti;C,T,-ZB@EP composite coating has the best
corrosion resistance and better tribological properties in
friction-reducing and wear resistance. When the corrosion
reactions occur, it would cause a change in pH, causing the
BTA in the ZIF-8 nanocontainers to be released. BTA corrosion
inhibitors can form corrosion inhibition films on the surface of
the metal substrate to further delay the corrosion rate auton-
omously. The high wear resistance of the f-Ti;C,T,-ZB@EP
composite coating is mainly due to the lubrication effect of
f-Ti;C,T, and the improvement of plastic deformation resis-
tance. The self-healing function of {-Ti;C,T,-ZB creates greater
possibilities for the practical application of MXenes in anti-
corrosion.

MXenes would be gradually oxidized and degraded in air or
water, which would also destroy the integrity of the coatings.
Therefore, avoiding the oxidation of MXenes is crucial for the
application of MXenes in coatings. Related works were carried
out based on this. Ning et al. used 1-allyl-3-methylimidazolium
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Fig. 7 The synthesis process of f-TisC,T,-ZB. Reproduced with permis-
sion from ref. 132. Copyright 2021 Elsevier.
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bromide ([EMIM]'Br-) to non-covalently modify MXenes
(I-TizC,T,) to avoid oxidation or deterioration of MXenes.'**
In the antioxidant stability test, after soaking in water for 30
days, Ti;C,T, dissolved into amorphous TiO, and disordered
carbon structures. On the contrary, I-Ti;C,T, still retained a 2D
lamellar structure similar to fresh Ti;C,T,, which demonstrated
that imidazolium salt can effectively delay the degradation of
Ti3C,T, in an aqueous solution. Excellent oxidation resistance
plays a vital role in the application of Ti;C,T, in coatings. Then,
I-Ti;C,T, was dispersed into the epoxy resin matrix to prepare
the composite coatings. The corrosion resistance test results
showed that when the added amount of I-Ti;C,T, was 1.0 wt%,
the composite coating maintained a high OCP value during the
corrosion immersion process, showing better corrosion resis-
tance. After 240 hours of salt spray test, the surface of the
1.0 wt% I-Ti;C,T,/EP composite coating remained intact, while
the blank EP showed severe corrosion. The Tafel polarization
test gave consistent results. 1.0 wt% I-Ti;C,T,/EP coating has
the lowest corrosion rate (1.762 x 10~’ mm per year), and the
corrosion rate value was lower than other reported coatings.
On the one hand, 1-allyl-3-methylimidazolium bromide effec-
tively delayed the oxidative degradation of MXenes so that
MXenes can act as stable barriers. On the other hand, the
compatibility between MXenes and the epoxy resin matrix was
also enhanced. Wu et al. used cellulose nanofiber to modify
TizC, T, to construct Tiz;C,T,@CNF nanohybrids and used them
as fillers to enhance the corrosion resistance of waterborne
epoxy coatings under the marine alternating hydrostatic pres-
sure (AHP) environment."** MXene was first etched and then
intercalated with dimethyl sulfoxide (DMSO). Then the pre-
pared few-layered delaminated-Ti;C,T, MXenes were mixed
with CNF through strong hydrogen bonding forces. The process
of MXenes being modified by CNF is shown in Fig. 8a. The
corresponding SEM, TEM and SPM results confirmed the
success of CNF modification. As a bioadhesive with rich
oxygen-containing functional groups, CNF has the ability to
enhance the dispersion and compatibility between Ti;C,T, and
epoxy resin, thereby improving the compactness of the compo-
site coatings and also enhancing the adhesion of the epoxy
resin to the metal substrates. The excellent adhesion enables
the composite coatings to maintain reliable anti-corrosion
performance in the harsher deep-sea environment.

Zhao et al. prepared antioxidant and high-stability MXene
sheets through non-covalent functionalization between MXenes
and ijonic liquid (IL), and used IL@MXene as smart barrier
enhancers for WEP coatings."*” IL can quench the reactive oxygen
species to passivate TizC,T,. In addition, IL has the ability to
disperse and stabilize 2D nanomaterials. Tests on the air stability
of MXenes inhibited that IL@MXene still retained the complete
crystal structures after aging 30 days, but the unmodified MXene
sheets have been highly oxidized and destroyed. The electro-
chemical test results confirmed that the impedance modulus of
the IL@MXene-WEP composite coating was increased by 1-2
orders of magnitude compared with the blank WEP coating. This
work also confirmed that when MXenes have excellent antioxi-
dant properties, they can exert better corrosion resistance in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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images of delaminated-TizC,T,; SEM images of (f) TizC,T,@QCNF, and (g) the cross-sectional image of the TizC,T,@CNF film; TEM image of (h) the
TizC,T,@CNF topological structure and its elemental mapping. Reproduced with permission from ref. 134. Copyright 2022 Elsevier.

the coatings. In our work, poly(tannic acid) was used to modify the
MXene, and zinc ions were introduced at the same time.'*°
Through modification, the MXene@PTA-Zn(u) surface contains
abundant hydroxyl groups, which increases the compatibility
between the fillers and the epoxy coating, greatly enhancing the
corrosion resistance.

Some other works combine MXenes with other nanomaterials
such as GO, LDHs, SiO,, etc. to achieve synergistic anti-corrosion
effects. Relevant experimental results confirm that this synergis-
tic effect is effective in enhancing corrosion resistance. Wu et al.
prepared the MXene/MgAI-LDH composite film modified with
yttrium to improve the corrosion resistance of AZ31 Mg alloy."*’
Since the few-layer MXene sheets have electronegativity and
abundant OH groups, they can effectively adsorb Mg”* and AI**
and provide nucleation sites for the in situ growth of LDHs.
Therefore, the composite coating layer of MXenes/MgAl-LDH
with Y(OH); can be synthesized on the AZ31 Mg alloy surface
through a one-step hydrothermally chemical conversion
method. MXenes can effectively cover the cracks in the LDH
coatings to better prevent the penetration of corrosive media.
LDHs can further inhibit corrosion through the anion
exchange. Furthermore, Y(OH); as a corrosion inhibitor can
enable active anti-corrosion of the composite coatings. Cai et al.
also prepared the composite of MXenes and LDHs and used the
composite materials to enhance the corrosion resistance and
friction resistance of epoxy resin coatings.'*® DFT calculations
indicated that the heterostructure of Ti;C,T, MXene and MgAl-
LDH has strong binding stability, and Ti;C,T, MXene@MgAl-
LDH still has great dispersion and compatibility with epoxy

© 2024 The Author(s). Published by the Royal Society of Chemistry

resin after standing for 160 days. Shen et al. grafted MXenes on
the surface of GO nanosheets through nucleophilic substitu-
tion and used the composite materials to improve the corrosion
resistance of epoxy zinc-rich coatings."*® The high conductivity
TizC, in GO-Ti;C, can enhance the electrical connection
between Zn particles and the steel matrix, providing a new
conductive path between the zinc particles and the steel matrix,
so that the zinc-rich coatings improve the utilization of zinc
particles. In addition, GO can exert an excellent shielding effect
on corrosive media. OCP, EIS and salt spray test results all
confirmed that GO-Tiz;C, improved the cathodic protection
ability of epoxy zinc-rich coatings, which provides new inspira-
tion for the enhancement of corrosion resistance of epoxy zinc-
rich coatings. TiO, can also be used to modify MXenes. When
0.1% TizC,&TiO, was incorporated into the waterborne poly-
urethane coating, the corrosion resistance of coatings was
significantly improved. Ti;C, and TiO, repaired micropores
and cracks in coatings while also enhancing the hydrophobicity
of the waterborne polyurethane coating.'*’

We prepared polydopamine (PDA) modified MXene-ZrP
composites using a one-pot method and applied the MXene-
ZrP@PDA (MZP) heterojunction to enhance the corrosion and
wear resistance of waterborne epoxy coatings.*! The corrosion
test results indicated that the corrosion rate of the MZP/WEP
composite coating was reduced by an order of magnitude
compared with the blank WEP coating. The two-dimensional
nanosheet materials can extend the diffusion path of the corro-
sion media. In addition, combining ZrP and MXene effectively
improves the aggregation effect of MXenes. The surface
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modification of PDA improves the interfacial compatibility of
MZP in epoxy resin. Furthermore, PDA can capture Fe*" and
form Fe®*-PDA complexes to further delay the occurrence of
corrosion. MZP composite materials also effectively improve
the wear resistance of the MZP/WEP coating. Its average
coefficient of friction (COF) was reduced by 82.06% compared
with the blank WEP coating. We also grew structurally stable
alkoxysilane modified SiO, in situ on the MXene’s surface to
prepare a 0D/2D nanohybrid (FSiO,-MX).'**> The insulating
FSiO, would reduce the current effect of MXenes, thus inhibit-
ing the occurrence of galvanic corrosion. In addition, the
amino groups on the surface of SiO, react with the epoxy resin
to further promote resin curing and reduce defects in the WEP
coating.

Some other green corrosion inhibitors can also be applied
to modify MXenes and achieve better corrosion prevention.
L-Cysteine is widely used as a green corrosion inhibitor. Li et al.
applied r-cysteine as a surface modifier for MXenes (fMX) to
enhance the dispersion performance of MXenes in the epoxy
matrix (shown in Fig. 9)."*

The electrochemical test results indicated that the corrosion
rate of the fMX composite coating was reduced by 3 orders of
magnitude compared with the blank waterborne epoxy coating.
fMX nanosheets have great dispersion in the epoxy matrix.
In addition, there is a strong interfacial interaction between
fMX and epoxy groups, which delayed the diffusion of corrosive
media and improved the corrosion resistance of the waterborne
epoxy coating. Chitosan is the product of removing some of the
acetyl groups from the natural polysaccharide chitin and is
an environmentally friendly green corrosion inhibitor. Our
strategy was to apply phosphorylated chitosan to functionally
modify MXenes and use the modified MXene as a filler for
waterborne epoxy coatings, which can effectively inhibit the
galvanic corrosion of MXenes.'** The combination of chitosan
and MXenes can achieve a good synergistic effect. The agglo-
meration tendency of MXenes was eliminated, and chitosan
can also play a corrosion inhibition role. Moreover, the
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adhesion between the coatings and the substrate was also
increased, which further enhanced the corrosion resistance of
the WEP coatings. Silk fibroin can also be used to modify MXenes,
the protein fibers on the surface of SF-MXene nanosheets were
beneficial to the interface with the resin improving the mechan-
ical properties of the coating. SF-Ti;C,T,/epoxy composite coat-
ings exhibit excellent protection and delayed failure capabilities in
harsh deep-sea environments.**> Sheng et al. reported that MXene
is also a great phosphating accelerator that can effectively improve
the corrosion resistance of the phosphate coating.'**'*” In addition,
MXenes have also shown promise for preparing functional polymers
with superior flame retardancy and smoke suppression ability.

3.3. Applications of TMDs in corrosion prevention

Daniel S. Schulman et al. discovered that single-layer transition
metal dichalcogenides have high resistance to electro-oxidation
and corrosion.™*® This is due to the excellent chemical stability
of monomolecular delamination in oxidative corrosion envir-
onments, which indicates that TMD materials, especially dis-
ulfides, have great prospects and potential economic impact in
anti-corrosion applications. Among TMDs, layered molyb-
denum disulfide (MoS,) has attracted increasing attention in
the field of anti-corrosion due to its special hydrophobicity,
ultra-thin atomic layer structure, and large specific surface
area. Although exposed MoS, is easily corroded and oxidized,
when it is added as the nanofiller to the polymer coatings, the
corrosion resistance of the prepared nanocomposite coatings
can be increased. Ding et al. prepared layered TMD nanosheets
of MoS, and WS, through liquid exfoliation technology, and
incorporated these two nanosheets into the epoxy matrix.'*’
The electrochemical test results fully confirmed that the low
conductivity of TMDs can effectively cut off the electronic path
of microgalvanic corrosion and inhibit the occurrence of corro-
sion. There have been some reports that using other substances
to modify MoS, to prepare composite polymer coatings can
effectively extend the life of the polymer coatings. Xia et al. used
PDA to modify MoS, and PDA@MOoS, to improve the corrosion

Fig. 9 The preparation process of MXene (TizC,T,), fMX and the composite coating. Reproduced with permission from ref. 143. Copyright 2021 Elsevier.
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resistance of epoxy resin."”® Compared with the blank EP coating,
the corrosion resistance of the composite MoS,@PDA/EP coating
was greatly enhanced. In addition, the adhesion strength of the
epoxy coating to the metal matrix has also been enhanced by about
3 MPa. Zhao et al. used sodium dodecyl benzene sulfonate to
modify MoS, and fabricated a 2D MoS,/SDBS composite coating on
carbon steel.">" MoS,/SDBS can effectively fill the voids of an epoxy
coating to increase corrosion resistance. Gao et al. successfully
prepared MoS,/acrylic composite coatings on the surface of galva-
nized sheets.">” Tannic acid and hydroxyethylidene diphosphonic
acid were also added. The addition of MoS, effectively reduced the
corrosion rate and corrosion current density of acrylic coatings. Jing
et al. applied gamma-(2,3-epoxypropoxy) propyltrimethoxy silane
(KH560) to modify MoS,."*® The silane coupling agent can act as an
intermediate bridge to increase the compatibility and interfacial
force between the nanofiller and coatings. When 0.8 wt% KH560-
MoS, was incorporated, the corrosion resistance of epoxy coatings
was significantly enhanced. Similarly, other two-dimensional
sheet materials combined with TMDs can also achieve

View Article Online

Review

synergistic anti-corrosion effects. H-BN was added to MoS,
and deposited on the surface of mild steel. Compared with
pure MoS, coating, the corrosion resistance of the MoS,-hBN
coating was enhanced and the corrosion rate was significantly
reduced." Chen et al. uniformly loaded MoS, on the surface of
graphene oxide, and then modified MoS,-RGO with KH560 to
improve the dispersion stability of MoS,-RGO in the polymer
coatings.'® In this work, MoS, and RGO achieved a synergistic
anti-corrosion effect. Their excellent shielding effect greatly
increased the penetration resistance of coatings.

Although TMDs can effectively extend the thermal stability,
toughness and mechanical properties of the coatings, the
physical barrier alone cannot protect the coatings for a long
time, and once the coatings are damaged, the damage is
irreversible.

Milad Motamedi et al. proposed a strategy of encapsulating
corrosion inhibitors Pr and tannate into ZIF8 anchored on
the surface of MoS, to achieve smart anti-corrosion of the
coatings."*® EP/Pr-TA-ZIF8@MS composite coatings can control
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the release of corrosion inhibitors through changes in pH to
achieve anti-corrosion. The self-healing protection mechanism
of the EP/Pr-TA-ZIF8@MS nanocoating is shown in Fig. 10.
Firstly, the nanosheet materials dispersed in the polymer
coatings can enhance the curvature of the diffusion paths of
oxygen and water in the epoxy coatings, allowing the EP/Pr-TA-
ZIF8@MS composite coatings to have an excellent barrier
function. Secondly, as the pH changes, the effective inorganic
cations and organic molecules in the nanocontainer would be
released to the sensitive active sites of the metal, forming a
corrosion inhibition layer adsorbed on the surface of the metal
matrix to delay the occurrence of corrosion reactions. Pr’**/Zn**
and tannate/2-MI in the nano reservoir would be intelligently
released to the low pH anode and high pH cathode of the metal
matrix at the same time by pH-triggered framework hydrolysis
and ion/ligand exchange activities. Hence, adhesion-stabilizing
complexes of Pr/Zn-tannate, Pr/Zn-tannate-Fe, and Pr/Zn-MI-Fe
adherent/stable complexes are formed at the damaged part of
the metal substrate. In addition, the adhesion loss of the EP/Pr-
TA-ZIF8@MS nanocomposite coating was reduced by 71.1%,
and cathodic debonding was effectively reduced by 60.11%.
Compared with the blank EP, the cross-linking density and
tensile strength of the EP/Pr-TA-ZIF8@MS composite coating
were significantly enhanced. This is an impressive strategy that
provides new ideas for the use of nanomaterials in composite
coatings and the controlled release of corrosion inhibitors.

4. Summary

4.1. Concluding remarks

This article briefly introduces the structure and properties of two-
dimensional transition metal layered materials including LDHs,
TMDs and MXenes and their applications in metal corrosion
prevention. Due to the two-dimensional lamellar structures and
excellent physical and chemical properties, LDHs, MXenes and
TMDs have great application prospects in the field of metal anti-
corrosion. The conclusions are summarized as follows:

1. LDHs can not only act as nanofillers in polymer coatings,
but also form chemical conversion coatings to protect metal
substrates from corrosion damage.

2. TMDs and MXenes are easily oxidized, corrosion preven-
tion is not obvious when TMDs and MXenes are directly
introduced into polymer coatings. Therefore, it is necessary to
functionalize two-dimensional transition metal layered materials
before introducing them into polymer coatings.

3. Modification can also solve the problem of easy agglo-
meration of two-dimensional transition metal layered materials
in polymer coatings.

4. A lot of research works have confirmed that two-
dimensional transition metal layered materials contribute to
increasing the corrosion resistance of coatings.

4.2. Outlook

Although existing works have confirmed that two-dimensional
transition metal nanomaterials have great permeability
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resistance and can enhance the corrosion resistance of
nanocomposite coatings, there are still some problems that
need to be improved. In the future, the application of two-
dimensional transition metal nanomaterials in metal corro-
sion prevention can consider making breakthroughs in the
following aspects:

1. Two-dimensional transition metal nanomaterials, espe-
cially TMDs and MXenes, are easily oxidized, which is extremely
detrimental to the performance of the subsequent constructed
nanocomposite coatings. Future research should continue to
focus on solving this problem to ensure the stability of the two-
dimensional transition metal nanomaterials.

2. Single-function coatings can no longer meet the needs of
social development. It must be considered that the coatings
should exhibit more functions, such as self-healing, superhy-
drophobic, friction resistance, flame retardant, etc., when two-
dimensional transition metal nanomaterials are introduced.

3. The corrosion data of two-dimensional transition metal
material nanocomposite coatings in actual application scenar-
ios should be tested and the corrosion data should be mon-
itored in real time.

4. Appropriate models should be established to predict the
corrosion process of two-dimensional transition metal material
nanocomposite coatings in a more intelligent way.
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