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Abstract. Marine corrosion inflicts substantial economic losses to the marine industry and has become a
widespread problem. Previous researches have confirmed the antimicrobial activity of MXene. In this study,
a silane coupling agent, KH570, was introduced for grafting MXene, followed by free radical polymerization
with the antifouling agent dimethylaminoethyl methacrylate (DMAEMA), resulting in a block polymerized
functionalized MXene (referred to as PQDMX). In contrast to conventional coatings that only provide anti-
corrosion or anti-fouling properties, the formulated PQDMX/EP exhibited commendable anti-fouling traits,
with a 63% increase in inhibition rate. This enhancement is attributed to the synergistic anti-fouling effect
of MXene nanosheets and quaternary ammonium polymer. Furthermore, PQDMX/EP demonstrated superior
anti-corrosion performance, owing to the incapacitation of corrosive ions by TisC,T, nanosheets. Even after
14 days of immersion, the Nyquist plot of the composite coating indicates high |Zf|y o1 u, values, reaching up

to 4.13 E10 Q cm?.
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1 Introduction

The power coatings used in offshore steel structures of
nuclear power projects have to endure long-term exposure
to sunlight and rain outdoors, and currently, the nuclear
power projects are located in coastal areas, in high humidity
and high smoke environments, and have to withstand long-
term corrosion from oceanic atmospheres. Marine biofouling
is the process in which marine organisms adhere, develop,
and reproduce on the surfaces of marine structures. The
concentration of Cl~ carried by sea breeze can reach dozens
of times that of inland areas, with an average annual
humidity of 70%-80%. Salt particles form electrolyte liquid
films on metal surfaces, accelerating electrochemical corro-
sion. Shellfish and algae adhere and block pipelines, forming
hypoxic zones locally and inducing crevice corrosion; When
the seawater flow velocity is greater than 2 m/s, it can
cause erosion corrosion (such as SEC system pipelines).
This phenomenon can expedite the corrosion of steel
structures, presenting a significant challenge for offshore
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platforms, vessels, and other marine infrastructures. The
resulting corrosion not only causes harm to the facilities
but also escalates maintenance expenses, imposing a sub-
stantial financial burden on the marine sector [1-6]. More-
over, the rough surface of the ship hull not only increases
drag but also poses a risk to underwater equipment [7, §].
In view of increasing environmental awareness, the use of
toxic biocides (e.g., tributyltin, zinc pyrithione and copper
pyrithione) as the foundation for antifouling coatings has
been prohibited [9]. Therefore, the marine industry needs
to explore novel strategies to replace heavy metal-based
antifouling agents [10].

The high aspect ratio nanosheets of TizC, Ty can form a
macze like structure, prolonging the diffusion path of corro-
sive media (such as H', C17). Nanoflakes are horizontally
oriented in the coating, forming a dense network through
staggered stacking. The modified Ti3C,T, nanosheets can
also provide organic coating cross-linking anchor points,
increasing the cross-linking density of the organic coating.
MXenes were first discovered by Gogotsi et al. in 2011, they
are a class of transition metal carbides, nitrides, or carbon
nitrides [11, 12]. MXene (Ti3C,T,) has great application
potential in various fields such as supercapacitors [13-16],

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/rdne/2025014
https://rdne.edpsciences.org/
https://creativecommons.org/licenses/by/4.0/

2 Res. Des. Nucl. Eng. 2, 2025014 (2026)

sensors [17, 18], electromagnetic interference (EMI) shield-
ing [19, 20], and anticorrosion [21] due to its structurally
tunable rich chemistry, excellent electrical conductivity,
and photothermal conversion characteristics. The antimi-
crobial performance of MXene has also attracted significant
attention in recent years. TizCy Ty has been found to exhibit
exceptional antimicrobial performance [22], disrupting cell
membranes upon direct contact, leading to cell damage
and death. However, 2D materials are poorly dispersed
and compatible in organic polymer matrices, which greatly
limits their barrier properties. In order to solve this prob-
lem, the surface of 2D materials needs to be modified. As
a result, the application of modified MXenes as high-perfor-
mance multifunctional fillers has received increasing inter-
est from researchers. In order to improve the properties of
MZXene, Tang et al. [23] developed superhydrophobic and
stable MXene by surface modification using PFOTS. Based
on this, a flexible superhydrophobic composite film was pre-
pared by combining superhydrophobic MXene with oxi-
dized nanocellulose, which has outstanding characteristics
such as antibacterial ability, durability, and photothermal
conversion. Zeng et al. [24] conducted a study on the prepa-
ration of MXene-PEIS nanosheets with excellent antifoul-
ing properties. They introduced polydopamine layers and
ionic crosslinked polymers onto MXene nanosheets through
a Michael addition reaction. Furthermore, Wang et al. [25]
conducted a surface polymerization reaction to functional-
ize TizCyTy nanosheets with a corrosion inhibitor and
antifouling agent. This led to the construction of a
nanocomposite coating that exhibits dual functions of anti-
corrosion and antifouling.

Quaternary ammonium polymers have shown remark-
able antibacterial properties due to their interaction and
binding with the lipid layer of bacterial cell membranes
[26-28]. Unlike antibiotics, the mechanism of action of these
polymers involves the cations of the salts interacting with
the anionic components on the bacterial surface. This inter-
action disrupts the bacterial cell membrane, causing intra-
cellular material leakage and ultimately bacterial death
[29, 30]. This method of killing presents several significant
advantages over released antifoulants. To begin with, it
extends the antimicrobial activity of the polymer. Further-
more, it is less likely to promote the development of resis-
tance. Moreover, it does not adversely affect the
mechanical performance of the composite coating [31]. Qua-
ternary ammonium-modified polymers have been used to
modify graphene oxide to effectively inhibit the adhesion
of organisms [32].

Organic coatings are commonly used to prevent marine
biofouling. Research has been conducted to develop various
types of antifouling coatings, including superhydrophobic
and hydrophilic coatings, hydrogels, microstructural
antifouling coatings and organosilicones. However, these
coatings typically serve only one purpose, either to prevent
fouling or corrosion. Therefore, a comprehensive coating
that combines anti fouling and anti-corrosion functions
has become a fundamental design principle in this field
and has attracted widespread attention in the past decade.
In this particular study, the block polymer functionalized
MXene, denoted as PQDMX, was obtained through a series

of steps: firstly, the silane coupling agent KH570 was
grafted onto MXene, followed by its grafting with the
antifouling agent dimethylaminoethyl methacrylate
(DMAEMA) via free radical polymerization. Nanocompos-
ite polymer coatings possessing both anticorrosive and
antifouling properties were achieved by compounding
PQDMX with pure epoxy, excluding the antifouling func-
tion. Later, the antifouling performance of the PQDMX/
EP composite coating was scrutinized through antimicro-
bial testing, while the anticorrosive properties were evalu-
ated using EIS and neutral salt spray resistance tests.
The experimental findings revealed that the developed
nanocomposite polymer coatings exhibit notable antifouling
and anticorrosion characteristics suitable for applications
within the marine sector.

2 Experimental
2.1 Materials

Hydrochloric acid (HCl), obtained from Sinopharm Chem-
ical Reagent Co. Ltd., was used in the experiments.
DMAEMA, lithium fluoride (LiF'), KH570 and AIBN were
produced from Aladdin Biochemical Technology Ltd. Jilin
Yiyi Technology Co. provided TizAlCy (purity > 98%,
200 mesh) for experimentation. Hunan Bangzer Technology
Co., Ltd. supplied the epoxy resin and its curing agent. The
entire experiment used deionized water, and the EIS test
used Q235 steel metal matrix.

2.2 Synthesis of the TisC,T, MXene

The synthesis of TizC,Ty MXene was conducted according
to the protocol outlined in previous research [33-35].
Firstly, add 0.8 g LiF and 10 mL 9M HCl into a PTFE con-
tainer and stir for 30 minutes. Then, 1 g of Ti3AlC, powder
was gradually introduced for etching, and the mixture was
stirred at 500 rpm and 30 °C for 24 h. After the reaction,
the synthesized MXene was shifted into a centrifuge tube
and then diluted with deionized water. To achieve a neutral
pH, multiple centrifugation cycles were performed. Subse-
quently, the MXene was centrifuged and subjected to vac-
uum freeze-drying for 24 h to obtain the desired TizCoTy
MXene powder (TizCyT, MXene is later replaced by
MZXene directly).

2.3 Synthesis of the MXene modified KH570

57 mL of anhydrous ethanol, 2 mL of ultrapure water, and
1 mL of KH570 were mixed in a 100 mL beaker. Hydrochlo-
ric acid was then added to adjust the pH to 3.5-4. In a
separate 250 mL round-bottom flask, 100 mL anhydrous
ethanol and 0.3 g of MXene powder were added. The mix-
ture was ultrasonic treated for 30 min to disperse. Next, the
solution from the beaker was added to the round-bottom
flask containing the MXene dispersion. The mixture was
stirred at 60 °C for 6 h, then centrifuged and washed four
times with anhydrous ethanol. Finally, the contents were
dried.
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(PDMX) and MXene -quaternized PDMAEMA (PQDMX).

2.4 Preparation of quaternary ammonium polymer
modified MXene

Poly (dimethylaminoethyl methacrylate) modified MXene
(PDMX). MXene-KH570 (0.3 g) was ultrasonically in 200
mL ethanol for 30 min. Subsequently, a solution containing
0.3 mol DMAEMA and 0.006 mol AIBN was added to the
MXene-KH570 dispersion. The reaction was conducted
under nitrogen at 70 °C for 24 h. After the reaction, the
mixture was centrifuged, then washed several times with
anhydrous ethanol and dried.

Quaternised poly (dimethylaminoethyl methacrylate)
modified MXene (PQDMX). A 50% w/w solution of bromi-
nated n-butane in ethanol was prepared. A 0.3 g of PDMX
was added to the solution, which was stirred at 50 °C for
24 h. After completion of the reaction, the resulting product
was centrifuged multiple times with ethanol and acetone.
The final product was dried in an oven at 60 °C.

2.5 Preparation of epoxy-based composite coatings

Hunan Bangze Technology Co., Ltd. conducted experi-
ments in a joint laboratory with Xiangtan University sup-
plied the epoxy resin. The mass fractions of PQDMX
used in this study were 0.5%, 1.0%, 1.5%, and 2.0% by
weight, respectively. Fillers with varying mass fractions
were added to the epoxy and its curing agent in a ratio of
3:1, and the coatings was uniformly applied to the surface
of Q235 steel after full mixing and vacuuming to remove
bubbles. After drying at room temperature, the coatings

were cured at 60 °C for 24 h. The coatings containing
MXene and PQDMX will be abbreviated as MXene/EP
and PQDMX/EP, respectively. The EP coating was used
as the control material.

2.6 Material characterization

X-ray diffraction (XRD) studies were performed at 40 kV
using an X-ray diffractometer (XRD, Ultima IV, Rigaku,
Japan) to examine the crystalline structure of the MXene
nanocomposites. Fourier transform infrared spectroscopy
(FTIR, ALPHA, USA) was utilized to characterize the sur-
face functional groups of the nanocomposites. X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha,
USA) was utilized to characterize the chemical properties
of the sample surface and analyze the compositions, and
the success of grafting was determined by determining the
binding energy of the electrons. In addition, the surface elec-
trical properties of MXene with the modified substance
were confirmed using a zeta potential meter (DLS, Nano
7590, Malvern) to corroborate the success of the quaternary
ammonium polymer modification.

The electron spectral data and transmission electron
microscopy (TEM) images of MXene and PQDMX were
acquired using a field emission transmission electron micro-
scope (Talos F200i, Thermoscientific). In addition, the
scanning electron microscopy (SEM) images of the two
lamellar materials were compared utilizing the ultra-high
resolution field emission scanning electron microscope

(CLARA, TESCAN, CZECH).
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Fig. 1. (a) XPS spectra of MXene, MXene-KH570, PDMX and PQDMX; (b) Curve-fit XPS spectra of PQDMX and MXene N1s; (c)
Curve-fit XPS spectra of PQDMX and MXene Cls; (d) XRD pattern of MXene, PDMX and PQDMX.

Antibacterial property test. Prepare three 12 mL bacte-
rial culture tubes by adding 3 mL of LB liquid medium to
each tube. Individual colonies of S. aureus and E. coli from
solid medium were then transferred to the liquid medium.
One of the tubes was left as a blank control. The culture
was placed in a constant temperature shaker at 37 °C for
15 h. Next, the E. coli and S. aureus bacterial solutions were
diluted to a concentration of 106 CFU/mL using sterile
PBS. Inoculate 5 mlL of diluted bacterial solution onto
the sample surface. The blank control group contains an
equal amount of bacterial solution without sample. Incu-
bate the samples at 37 °C for 24 h. After the incubation per-
iod, the bacterial solution was continuously diluted 10 times
fold with sterile PBS. Thel00 pL dilution solution was
evenly coated on LB solid medium, and then incubate at
37 °C for 18 h. After incubation, the slides were removed
and the number of colonies was recorded.

Anti-corrosion performance. In a 3.5 wt% NaCl solution
at room temperature (25 °C), the electrochemical impe-
dance spectra of steel substrates protected by various coat-
ings were determined using an electrochemical workstation
(Reference 600+, Gamry, America). The experimental
setup employed a three-electrode system comprising a plat-
inum electrode, a working electrode (1 cm?® epoxy-coated
steel), and a saturated calomel reference electrode (SCE).
Before conducting the electrochemical impedance spec-
troscopy (EIS) test, the open circuit potential (OCP) was
allowed to stabilize. Subsequently, the EIS test was carried
out with a scanning frequency ranging from 10° Hz to
1072 Hz and a sinusoidal interference signal of 20 mV.

The experimental data was analyzed with ZSimpWin soft-
ware. Salt spray testing is a crucial evaluation method for
assessing the corrosion resistance of coatings in salt spray
environments, such as marine environments. This test repli-
cates humid and high-salt environments, accelerates the
corrosion process, detects coating defects, and examines
their corrosion resistance. A sodium chloride solution with
a concentration of 5 wt% was used, and the solution was
kept neutral. The test was conducted in a salt spray cham-
ber with a temperature of 35 °C, and a spray pattern with a
10-second cycle followed by a 20-second pause. The experi-
mental process followed the GB/T 1771-2007 standards.
Prior to the test, the specimen was engraved with
“X”-shaped scratches to evaluate the coating's salt spray
corrosion resistance.

3 Results and discussion

3.1 Characterization of quaternary ammonium salt
grafted MXene hybrid polymer brushes

The XPS spectra of MXene, MXene-KH570, PDMX and
PQDMX are illustrated in Figure 1a. The measured spectra
of MXene reveal elemental peaks primarily consisting of Ti,
C, O and F indicating the presence of these elements within
the material. Specifically, the prominent peaks observed
correspond to Ti, C, O and F in the MXene [36]. As shown
in Figure la, the presence of the Si signal confirms the suc-
cessful grafting of KH570. The appearance of N and Br
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Stability of MXene and PQDMX in Water and Xylene after 24 h.

confirms the successful synthesis of PQDMX. Furthermore,
the XRD spectra of MXene, PDMX, and PQDMX are
depicted in Figure 1d. The typical (002) diffraction peak
of MXene is usually at 7.14°, while the (002) diffraction
peak of PDMX and PQDMX at a lower angle of 6.46°
and 6.4°, respectively. This indicates that the spacing
between MXene nanosheets increases with the modification
process. This expansion of space may be attributable to the
inclusion of the polymer in the MXene interlayers [37].
Figure 2a displays the FTIR spectra of pure MXene,
MXene-KH570, PDMX, and PQDMX. All samples exhibit
peaks at ~OH (3448 cm '), C=0 (1630 cm™ '), and Ti-O
(560 cm ") [38]. The technical term abbreviations are ex-
plained during their initial use. The spectrum of MXene-
KH570 shows the presence of various characteristic C-H
vibrational peaks, including the methyl group's telescopic
vibration appears at ~2976 cm ™', the symmetric telescopic
vibrational peak of the methylene group appears at
~2922 em™ !, and the asymmetric telescopic vibrational
peak of the methylene group at ~2856 cm ™ *. In addition,
the telescopic vibrational peak of Si-O-C appears at
~1167 cm ™", and the telescopic vibrational peak of Si-O-
Si appears at ~1072 cm '. The synthesis of MXene-
KH570 is successful, as demonstrated by the unique proper-
ties that distinguish it from MXene. The absorption peaks
in the PDMX spectrum, particularly appear at approxi-
mately 2813 cm™ ' and 2870 cm ™!, indicate the stretching
vibration of the N—(CHj), bond, indicating that PDMAE-
MA is grafted onto MXene. In addition, the presence of

absorption peak around 2865 cm ™! in the PQDMX spectra
was attributed to the stretching vibration of the
CH,(CH3)o- N bond, confirming the successful quaterniza-
tion. This information supports the conclusion that
PDMAEMA is successfully grafted onto MXene. Figure 2b
illustrates the zeta potential of unmodified MXene as well
as MXene at different stages of modification. Initially, the
unmodified MXene showed a negative surface charge with
a zeta potential of —24.1 mV. However, after the modifica-
tion, there is a noticeable change in the zeta potential value,
indicating that MXene is successfully grafted with quater-
nary ammonium polymer. To further validate the above
conclusions, thermogravimetric analysis was utilized to
investigate the thermal stability of four nanomaterials,
MXene, MXene-KH570, PDMX and PQDMX. The DTA
curves for the four materials are displayed in Figure 2c.
As the temperature increases from 20 °C to 220 °C, there
is a consistent initial weight loss phase, indicating the pres-
ence of water evaporation in both MXene powders and their
modifications. Between 220 °C and 700 °C, the modified
nanomaterials experience a second phase of weight loss,
with a higher degree of weight loss observed in the nanoma-
terials as compared to the unmodified MXene powders.
The performance of coatings is determined by the dis-
persion of nanofillers. Furthermore, this study compares
the dispersion stability properties of MXene and PQDMX
nanomaterials by ultrasonically dispersing these two
nanosheets in different solvents. To reflect the dispersion
of nanofillers in the coatings, 1.0 wt% dispersions of MXene
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Fig. 3. (a and b) SEM and (¢ and d) TEM images of (a and c)
PQDMX.

and PQDMX in different solvents (ultrapure water and
xylene) were prepared simultaneously. Figure 2d illustrates
that after sonication, both MXene and PQDMX were uni-
formly dispersed in both liquids. However, after 24 h,
MXene settled faster than PQDMX, indicating that
PQDMX has better dispersion.

Figure 3 shows the SEM and TEM images of MXene
and PQDMX. The lamellar structure of MXene is separated
by crack-like gap, exhibiting an obvious accordion struc-
ture. This confirms the successful etching and deposition
of Ti3AlC, on MXene nanosheets [39]. TEM analysis shows
that the prepared MXene nanosheets are thin, transparent,
and exhibit regions of stacking, indicating their two-dimen-
sional nature (Fig. 3d). In contrast, PQDMX TEM image
of the lamellar structure displays a clearer morphology than
MXene. The elemental map in Figure 3e illustrates the dis-
tribution of N and Si elements on the PQDMX surface, con-
firming successful grafting of polymer brushes onto the
MXene surface. As a result, the surface of PQDMX appears
to be less transparent and more spotted, which may be due
to the presence of the grafted polymer brush. The grafting
of PDMAEMA with MXene enhances the antioxidant
capacity of MXene, resulting in ordered stacking of MXene
flakes [40].

3.2 Surface morphology and fracture surface
morphology of composite coatings

The presence and dispersion of nanofillers in epoxy resin, as
well as their impact on its mechanical properties, can be
observed by examining the surface and cross-section of
the coatings using the SEM. Before the test, prepare a
0.5 mm thick coating layer. Then, perform liquid nitrogen

MXene and (b and d) PQDMX; (e) Elemental mappings images of

brittle fracture to obtain the fracture surface of the coating.
In contrast to the large areas of defects observed on the sur-
face of EP in Figure 4a, the surface of the PQDMX /EP com-
posite coating with a filler content of 1 wt% appeared
significantly flatter. The occurrence of defects on the EP
surface was attributed to inconsistencies between the
diluent evaporation rate and the resin curing reaction rate
during the epoxy curing process. These defects, in turn, have
the potential to compromise the coating's density, thereby
creating opportunities for corrosive mediums to accelerate
the erosion of the steel substrate through the pore channels.
Conversely, the filler in the PQDMX/EP composite coating
exhibited uniform dispersion on the surface of the resin,
aligning with findings from prior dispersion experiments.
Figure 4b shows that the fracture surface of the epoxy resin
is smooth, resembling a river pattern, and is perpendicular
to the main tensile direction, indicating that the pure epoxy
resin is brittle and consumes little fracture energy. However,
the fracture surface of the composite coating became rough
after the addition of PQDMX (Fig. 4d). PQDMX cross-links
with the epoxy resin, limiting the deformation of the epoxy
resin matrix and impeding crack extension, resulting in
significant plastic deformation and substantial fracture
energy consumption [41, 42]. The crosslink density of the
PQDMX/EP composite coating is higher.

3.3 Antifouling properties of PQDMX

S. aureus and E. coli, both Gram-positive and Gram-nega-
tive bacteria, were chosen to assess the antimicrobial effects
of the functionalized MXene. As shown in the Figure 5, the
bacteria in the control group multiplied rapidly on the agar
plate and formed multiple white colonies. Compared with
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Fig. 4. Surface morphology (a and c) and fracture surface morphology (b and d) of different coatings: (a and b) epoxy resin coating;
(c and d) PQDMX/EP.

Control MXene/EP PQDMX/EP

E.coli

S.aureus

Fig. 5. The growth of Escherichia coli and Staphylococcus aureus of each group (a and d) Control; (b and e) MXene; and (c and f)
PQDMX.
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the control (2.15 x 104 CFU/mL), the addition of MXene
to the epoxy composite coating resulted in some antimicro-
bial properties, but it was not deemed effective. In contrast,
the introduction of PQDMX significantly enhanced the
antibacterial effect of the epoxy composite coating. and
the colonies on the agar plates were significantly reduced.
Finally, the experimental results for both bacteria (S. aur-
eus and E. coli) were approximately the same, with the fol-
lowing order: Control > MXene > PQDMX. Ounly 1.0 wt%
of PQDMX achieved more than 63% antimicrobial activity
against both bacteria. In previous studies, MXene has been
found to possess effective antibacterial activity towards
both E. coli and S. aureus, attributed to its distinctive
physicochemical properties [22, 43, 44]. Additionally,
PQDMX contains quaternary ammonium groups, which
are cationic surfactants and antimicrobial agents known
for disrupting cell membranes [45]. Therefore, the antimi-
crobial efficacy of PQDMX/EP stems from the combined
action of MXene and quaternary ammonium groups, result-
ing in a substantially heightened antimicrobial activity.
Coatings with good antifouling properties have been previ-
ously documented in the literature [46-48]. However, these
coatings typically contain antifouling agents that are
released, posing challenges for achieving long-lasting
antifouling effects.

The optical photographs presented in Figure 6 depict
the growth progression of laboratory self-cultivated Chlor-
ella algae on various coatings. Initially, it is observed that
on the control surfaces of epoxy resin and glass substrate,
the algae exhibited robust growth and complete attachment
within 7 days, suggesting a lack of algae resistance in these

MXene/EP PQDMX-EP

substrates. Subsequently, the algae attachment on the
MZXene/EP composite coating surpassed that of the control
surfaces, indicating a marginal anti-algae capability within
the composite coating. However, this efficacy was not sub-
stantial. In stark contrast, the PQDMX/EP coating dis-
played the lowest chlorella count, with the algae
appearing notably smaller in size. These results suggest that
the quaternary ammonium polymer grafted onto MXene
exerted a discernible impact, leading to an inhibitory effect
on chlorella growth.

3.4 Corrosion resistance of PQDMX/EP

The electrochemical impedance spectroscopy (EIS) was uti-
lized to assess the corrosion protection capabilities of
organic coatings. Figure 7 illustrates the EIS spectra and
the corresponding equivalent electrogram paths for various
coating samples, namely EP, MXene/EP, and PQDMX /EP.
The evaluation of the barrier performance against corrosive
media was conducted on the 200 pm thick coatings
immersed in a 3.5 wt% NaCl solution through the EIS mea-
surements. The pure epoxy coatings (EP) exhibit the small-
est impedance arc semicircle, suggesting an inadequate
barrier performance where the electrolyte solution can read-
ily infiltrate the metal substrate surface, thus facilitating
corrosion (Figs. 7a and 7b). This inefficiency is attributed
to the numerous micropores and defects present in the
untreated EPs post-curing. Why do epoxy coatings have
micropores? This is because epoxy resin adds diluents (such
as xylene and n-butanol) for ease of application, which can
make the epoxy resin more fluid and easier to coat on the
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Fig. 7. EIS spectra of different composite coatings after immersion in 3.5 wt% NaCl solution, with EP, MXene/EP Nyquist plots (a,
¢, and e); (b, d, and f) are the Bode plots for EP, MXene/EP; The equivalent circuit diagram of the coating (g) in the early stage and

(h) in the middle stage.

surface of objects. These diluents will evaporate into the air
during epoxy curing, resulting in more micro pore defects in
the coating Conversely, the incorporation of nanofillers,
such as MXene, into the epoxy coatings improves coating

densification and impedes chloride ion penetration by lever-
aging the two-dimensional layered structure and large
specific surface area (Figs. 7a—7f) [49]. The semicircle of
the impedance arc of MXene/EP is larger compared to that
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Table 1. The electrochemical parameters of pure EP and different composite coatings at various time intervals.

Samples Time Qc Re Qd Ret
(days) Yo (@ tem s (Q cm?) Yo (@ tem s (Q cm?)
n n
EP 1d 2.430E-11 0.9718 9.156E+10
4d 1.043E-11 0.5212 1.476E+10 2.733E—-11 0.9764 6.880E+-10
6d 1.387E—-11 0.9802 2.693E+08 1.5646E—11 0.5182 4.541E+10
8d 2.730E—11 0.6645 2.275E+09 1.312E—-11 0.9905 2.028E+10
10d 2.603E—11 0.9809 1.749E+09 1.2056E—-10 0.8134 1.766E+09
MXene/EP 1d 3.860E—11 0.9798 1.885E+11
4d 3.629E—11 0.9860 1.071E+11
6d 3.260E—11 0.9899 6.091E+10
10d 3.067E—11 0.9890 9.074E+4-08 2.592E—11 0.7788 3.270E+10
14d 3.483E—-11 0.9840 1.424E+08 2.806E—11 0.7898 1.976E+10
PQDMX-0.5 1d 3.653E—-11 0.8 3.145E+11
4d 3.790E—11 0.9798 2.191E+11
6d 3.538E—-11 0.9881 2.045E+10
10d 3.912E—-11 0.9807 6.684E+10
14d 3.997E—-11 0.9856 4.135E+10
PQDMX-1.0 1d 2.626E—11 0.9759 3.628E+11
4d 2.489E—11 0.9843 2.438E+11
6d 2.398E—-11 0.9857 2.413E+11
10d 2.768E—11 0.9739 1.011E+11
14d 2.351E—-11 0.9421 4.312E+10
PQDMX-1.5 1d 2.093E—-11 0.9825 4.642E+11
4d 2.149E-11 0.7055 4.289E+11
6d 2.441E-11 0.9841 1.122E+11
10d 2.633E—-11 0.9822 4.638E+10 1.152E-11 0.5771 8.373E+10
14d 2.211E-11 0.9844 1.071E+10 1.973E—-11 0.7679 2.719E410
PQDMX-2.0 1d 2.209E-11 0.9861 2.725E+10
4d 4.327TE—-11 0.7273 8.651E+10
6d 4.487E—-11 0.9857 7.081E+10 2.159E—-10 0.7532 5.709E+10
10d 3.107TE—11 0.9850 3.918E+10 4.220E-11 0.5815 3.385E+10
14d 4.158E—-11 0.9902 6.606E+08 1.685E—11 0.7070 2.093E+10

of the pure EP coating, indicating that MXene has a certain
barrier ability for corrosive media. However, It is worth not-
ing that pure MXene is susceptible to agglomeration and
oxidation to anatase nanoparticles in oxygenated humid
conditions [50], whereas PQDMX is more stable, which
improves the barrier performance against chloride ions [51].

The comparative analysis of the EIS impedance fitting
results (Table 1) reveals that the composite coatings
demonstrate a higher Bode impedance modulus after 1
day of immersion. This observation suggests that the coat-
ings are in the initial stages of corrosion, with the corrosive
medium not yet penetrating into the coatings (Fig. 7g). As
the immersion time progresses, the |Zf] = 0.01 Hz values for
all coatings exhibit a gradual decrease by approximately
one order of magnitude, indicating that the coatings move
into an intermediate stage of corrosion attributed to the
infiltration of corrosive substances., as depicted in Figure 7h.
Notably, the PQDMX/EP coatings display the largest

radius of arc resistance during immersion (Figs. 8a—8h), sig-
nifying superior corrosion protection capabilities. However,
an increase in filler mass fraction leads to a rapid decline in
the impedance of the composite coatings, primarily due to
the hydrophilicity of the grafts that facilitates the penetra-
tion of corrosive media. After 14 days of immersion, the
PQDMX/EP coating displays a more pronounced curva-
ture in the Nyquist plots compared to the MXene/EP
and EP coatings. Furthermore, the |Zf] = 0.01 Hz value
of the coating with 1.0 wt% filler remains high at 4.31 X
10" Q cm?, emphasizing its respectable corrosion resistance
performance. A circuit diagram is an abstract representa-
tion of the electrochemical process that occurs in a coating,
using resistors, capacitors, and constant phase angle compo-
nents to represent the corrosion process. These electronic
components correspond one-to-one with each part of the
sample. In the early stage of corrosion, there is only one
set of resistors and constant phase angle components, which
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Fig. 9. Corrosion morphology of various coatings after 14 days of salt spray exposure.

corresponds to only one time constant in the EIS curve. In
the middle stage of corrosion, there are two sets of resistors
and constant phase angle components, which correspond to
the EIS curve with two time constants.

To assess the corrosion resistance of scratch coatings on
Q235 steel under accelerated corrosion conditions (thick-
ness & 200 pum), the samples were placed in a salt spray
chamber. The corrosion evolution of the samples was mon-
itored by taking photographs every 24 h. As shown in
Figure 9, after 7 days, corrosion was observed only at the
scratches for all coatings. After 14 days, visible corrosion
spots emerged on the EP coatings, indicating that corrosive
ions had infiltrated the coatings. It was found that the
PQDMX/EP coatings containing various additives had
reduced corrosion area diffusion and exhibited improved
corrosion resistance. Nevertheless, it was observed that
PQDMX-2.0 may have weakened its corrosion ion blocking
function due to uneven dispersion of fillers, resulting in pit-
ting in non-scratched areas. Other PQDMX/EP coatings
with different filler contents showed excellent performance
to salt spray test, and corrosion still occurred at the
scratched areas. The salt spray test results align with those

of the EIS test, proving the excellent corrosion protection of
the PQDMX/EP coating.

4 Conclusion

In this study, the silane coupling agent KH570 was grafted
onto MXene. Subsequently, and then the antifouling agent
dimethylaminoethyl methacrylate (DMAEMA ) was grafted
onto the obtained material via free-radical polymerisation,
to obtained the functionalised block copolymer MXene (ab-
breviated as PQDMX). Through the synergistic antifouling
effects of MXene nanosheets and quaternary ammonium
polymers, the grafted quaternary ammonium polymers dis-
played a strong surface hydration, which made PQDMX/
EP have good promising antifouling performance, and the
inhibition rate increased by 63%. The protective barrier
provided by MXene nanosheets effectively prevents corro-
sive ions, resulting in PQDMX/EP’s outstanding corrosion
resistance. Even after 14 days of immersion, the coating
with 1.0 wt% filler has an impedance modulus of
4.31E10 Q cm?® This nanocomposite coating presents
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promising potential applications in the marine industry and
provides useful insights into marine antifouling and anticor-
rosion technology. In conclusion, this method offers an addi-
tional avenue for researching the antifouling modification of
MZXene.
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