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Abstract
As a newly discovered two-dimensional (2D) material, MXene has attracted much attention because of its fascinating phys-
icochemical properties. However, the issue of agglomeration has limited its application in anti-corrosive polymeric coatings. 
Herein, a novel nanofiller, phosphoric acid-modified chitosan (mCS)-functionalized MXene (fMX), has been successfully 
constructed and used to endow waterborne epoxy (WEP) coatings with brilliant corrosive resistance. Electrochemical results 
demonstrate that the |Z0.01 Hz| value for 0.2 wt% fMX/WEP composite coating (4.73 × 107 Ω cm2) is more than two orders of 
magnitude higher than that of the blank WEP (2.09 × 105 Ω cm2) and the corrosion current density value of 0.2 wt% fMX/
WEP maintains above 5.44 × 10−9 A/cm2 after soaking in 3.5 wt% NaCl solution for 50 days. It is nearly two orders lower 
than that of blank WEP (5.23 × 10−7 A/cm2). Thus, this novel mCS-functionalized MXene can serve as an effective composite 
nanofiller for preparing MXene-based high-performance anti-corrosive coatings.

Keywords  Ti3C2Tx MXene · Phosphorylated chitosan · Waterborne epoxy coating · Corrosive resistant

1  Introduction

Metal corrosion has caused great damage to society and 
industry, since it severely impairs the performance and 
service life of metal materials through accelerating their 

invalidation in the process of service [1–3]. Several strat-
egies have been developed to slow down or avoid metal 
corrosion, such as surface modification, cathodic protec-
tion, anodic protection, and protective coatings. Applying 
an organic coating on the metal surface can prevent the 
metal substrate from contacting corrosive media (H2O, O2, 
Cl−, etc.), which is one of the most effective anti-corrosive 
method [4]. Among various organic coatings, epoxy coat-
ings are extensively employed in the anti-corrosive field due 
to their excellent performances, such as superior adhesion, 
high crosslinking density, excellent chemical resistance, and 
low shrinkage [5–7]. Due to the increasing environmental 
awareness and restrictions on volatile organic compounds 
in many countries, waterborne epoxy coatings (WEP) have 
captured substantial attention [8]. However, due to the high 
crosslinking density of epoxy network and the evaporation 
of water during curing process of the coating, micro-pores 
and micro-crack are easily generated in the coating, causing 
corrosive medium to reach the substrate/coating interface 
[9]. Fortunately, doping 2D nanomaterials or adding corro-
sion inhibitors are effective strategies to improve corrosion 
resistance of epoxy coatings.

Recently, 2D nanomaterials, including graphene [10], 
graphene oxide (GO) [11], boron nitride [12], etc., have 
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attracted increasing attention in the field of anti-corrosive 
[13]. MXene is a newly discovered 2D nanomaterial. Its 
typical formula is Mn+1XnTx, where M stands for the early 
transition metal; n = 1, 2, or 3; X is C and/or N elements; 
and Tx stands for MXene’s surface-terminating groups (O, 
–OH, or –F) [14]. MXene is synthesized by etching A (a 
group IIIA or IVA element) layer from Mn+1AXn phase [15]. 
The excellent mechanical property and large specific surface 
area of Ti3C2Tx is expected to enhance the barrier and anti-
corrosive performance of epoxy resin [16]. However, like 
many other 2D nanomaterials, performance is affected by 
the strong tendency of interlayer aggregation, due to van 
der Waals forces and hydrogen bonding [17]. Thus, in order 
to broaden the application fields of MXene, it is essential 
to improve the dispersibility of MXene as functional fill-
ers in the polymeric coatings. To overcome this challenge, 
Yan et al. [18] synthesized amino-functionalized Ti3C2Tx 
(f-M) and showed that the dispersibility and compatibil-
ity of f-M in the coatings have been greatly improved. The 
results indicated that the coating containing 0.5 wt% f-M 
nanosheets exhibited the best anti-corrosive property. Simi-
lar to graphene, due to the formation of electrode by the 
highly conductive network of MXene in the coating matrix, 
it may cause opposite protective effect [19, 20]. Cai et al. 
[21] synthesized a Ti3C2Tx MXene/polyaniline nanohybrid 
via in situ redox polymerization of aniline in MXene dis-
persion, confirming that the nanohybrid-containing coating 
exhibited the best anti-corrosive performance. Therefore, it 
is necessary to find a method that cannot only ameliorate 
the dispersibility of MXene in polymeric coatings, but also 
inhibit galvanic corrosion.

Chitosan (CS), a N-acetylated derivative of chitin, is 
the second most abundant natural polysaccharide on the 
globe. CS has been employed in many domains owing to 
its exceptional performances such as biocompatible, non-
toxic, anti-bacterial, and biodegradability. Furthermore, 
CS and its derivatives were also used as an eco-friendly 
and effective corrosion inhibitor because of the presence 
of –NH2 and –OH [22, 23]. Fayyad et al. [24] synthesized 
oleic acid-modified CS/GO and coated it on carbon steel. 
The results suggested that the corrosion resistance of oleic 
acid-modified CS/GO film was 100 times higher than that 
of blank chitosan coating. Ruhi et al. [25] added the CS-
polypyrrole-SiO2 composites to epoxy resin and coated it 
on steel. Tafel plots showed that the epoxy coating loaded 
with 2.0 wt% composite had higher corrosion protection effi-
ciency (99.99%). Abd El-Fattah et al. [26] reported that the 
CS-epoxy composite coating had lower corrosion rates than 
that of pure coating. Nevertheless, poor solubility properties 
of CS in aqueous solutions have severely limited its applica-
tion. Previous studies have shown that the introduction of 
phosphoric acid onto chitosan could effectively improve the 

chelating property and solubility property [27]. Neverthe-
less, no investigation can be discovered in the open literature 
on the application of mCS to functionalize MXene for anti-
corrosive WEP coatings.

Hence, in this work, the phosphorylated chitosan-
functionalized MXene nanocomposites were synthesized, 
which not only improved the dispersion state and compat-
ibility of MXene with the polymer matrix, but also inhib-
ited galvanic corrosion and enhanced the adhesion between 
the coating and the substrate. Afterwards, the chemical and 
physical structure, thermal stability, and morphologies of 
mCS, MXene, and fMX were analyzed through FTIR, 
XPS, XRD, TGA, FESEM, and TEM. Furthermore, the 
cross-section of the coating was detected via SEM–EDS 
mapping, and the anti-corrosive property of as-prepared 
WEP composite coatings was evaluated by electrochemi-
cal impedance spectroscopy (EIS) and polarization curve. 
This work provides a promising strategy for the fabrication 
of novel MXene-based nanofillers in the long-term anti-
corrosive polymeric coating fields.

2 � Experimental section

First, CS was modified by phosphoric acid at 120 °C, resulting 
the mCS. Next, MXene, 2D nanosheet material, were obtained 
via in situ hydrofluoric acid and Li+ ions intercalation. Here-
after, MXene nanosheets were modified by mCS to get mCS-
functionalized MXene (fMX). Finally, WEP paints with 
0.2 wt% fMX were prepared. The experimental process is 
exhibited in Fig. 1. More specific experimental operations and 
characterizations are recorded in the supporting information.

3 � Results and discussion

3.1 � Chemical and physical properties of MXene, 
mCS, and fMX

3.1.1 � FTIR analysis

The functional groups of CS, mCS, MXene, and fMX were 
depicted by FTIR. Figure 2a shows the characteristic peak 
at 1593 cm−1, which is from the N–H deformation of amino 
group. Furthermore, the absorption peaks at 3423, 1421, 
1157, and 1031 cm−1 are assigned to the –OH stretching, 
C–N stretching of C–NH2, C–O–C stretching of asymmetric 
bridge oxygen, and C–O stretching of –CH2–OH, respec-
tively [28]. For mCS, the new peaks at 1283 and 1093 cm−1 
represent P = O stretching and P–O stretching from phos-
phate. Moreover, the N–H deformation peak of NH2 at 
1593 cm−1 almost disappears, demonstrating that the amino 
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group of the CS reacts with phosphoric acid. Obviously, 
the characteristic peak at 1406 cm−1 is derived from the red 
shift of C–N stretching of C–NH2 at 1421 cm−1, suggesting 

forming chemical bonds between phosphate groups and 
amino [29]. In short, the phosphate groups are successfully 
grafted onto the CS by forming N–P bonds.

Fig. 1   The schematic graph of the preparation process of mCS, MXene, fMX, and fMX/WEP nanocomposite coatings

Fig. 2   a The FTIR spectra of CS, mCS, MXene, and fMX; b The XRD curves of MAX phase, MXene, and fMX
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For MXene, the absorption peaks of –OH occur at 3432 
and 1625 cm−1, and the vibration peaks of –C–O occur at 
1111 cm−1 [30]. After modification by mCS, –OH peaks of 
fMX are diverted to 3431 and 1621 cm−1, respectively. The 
red shift of –OH peak may be because of electron-donating 
group of mCS, intramolecular and/or intermolecular hydro-
gen bonding. It should be noted that the P = O stretching of 
mCS almost completely disappears and a faint Ti–O–P peak 
at 801 cm−1 appears, due to the hydroxyl groups on the sur-
face of MXene react with mCS to form Ti–O–P bonds [31].

3.1.2 � XRD

To further investigate the crystal structure composition 
of MAX, MXene, and fMX, XRD characterization was 
conducted, as shown in Fig. 2b. Peaks of MAX phase at 
2θ = 9.51°, 38.83°, 41.60°, and 48.32° correspond to (002), 
(104), (105), and (107) peaks, respectively [32]. After etch-
ing by wet chemical method, the peaks of MAX phase at 
2θ = 33.98°, 36.65°, 38.83°, 41.60°, and 48.32° almost dis-
appear. Moreover, the (002) peak of MXene shifts from 9.51 
to 5.90°, suggesting that the d-spacing of MXene increased 
from 9.29 to 14.96 Å. In brief, these consequences indi-
cate that the Al layers were smoothly etched from the MAX 
phase and MXene is successfully synthesized [33]. After 

function by mCS, the XRD curve of fMX illustrates a wide 
peak at about 5.08°, implying that the d-spacing of MXene is 
further increased (17.38 Å). This may be caused by the inter-
calation of mCS, or the chemical modification of MXene, 
thus enlarging the inter-layer distance [34, 35]. Meanwhile, 
the broadening of the (002) peak is probably due to crystal 
lattice defects caused by the modification process [36].

3.1.3 � XPS analysis

The chemical composition of the as-obtained samples was 
further ascertained by XPS. In Fig. 3b, the deconvoluted 
N 1 s XPS spectrum of CS is shown; the two subpeaks 
separated correspond to N–H (399.8  eV) and N–C = O 
(401.8 eV) bonds, respectively [37, 38]. For mCS, it is eas-
ily observed the signal peak of N–P at 401.8 eV, meaning 
that phosphate groups have been successfully attached to the 
amino group of CS. To verify the above conclusion further, 
the thermal stability of CS and mCS has been researched by 
TGA. In Fig. S1, the first stage of weight loss at 25–100 °C 
is owing to the loss of adsorbed and bound water. However, 
the second stage of weight loss for CS and mCS is approxi-
mately 210 °C and 170 °C, respectively. This may be due 
to introduction of phosphate groups, thereby reducing the 
amount of hydrogen bonds [39].

Fig. 3   a XPS spectra of pristine CS and mCS; b N 1 s spectra of CS; c N 1 s spectra of mCS; d XPS spectra of pristine MXene and fMX; e O 
1 s spectra of MXene; f O 1 s spectra of fMX
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For MXene, the O 1 s XPS spectrum (Fig. 3e) presents 
four peaks, corresponding to TiO2 (529.5  eV), Ti–Ox 
(530.6 eV), and Ti–(OH)x (531.7 eV) and absorbing water 
(533.2 eV), respectively [40]. Compared with MXene, 
three new peaks in the XPS spectrum of fMX appear at 
532.8, 533.6, and 529.7 eV, which represent C–OH bond, 
O–C–O bond, and Ti–O–P bond, respectively. This can be 
attributed to the successful grafting of mCS onto MXene 
[41]. Combining the results of FTIR and XPS, it can be 
found that mCS has been successfully grafted onto MXene, 
which may bring benefits to the compatibility of MXene 
and epoxy coatings.

3.2 � Morphology of MAX, MXene, and fMX 
nanocomposites

The surface morphology of the synthesized materials was 
compared and qualified by FESEM and TEM. As shown 
in Fig. 4a, b, d, the MAX phase has a transition from the 
block-like to the accordion-like by a wet chemical etch-
ing method, and then a 2D MXene material is obtained 
by physical stripping [42]. From Fig. 4b, c, the synthe-
sized MXene is a very thin and clean layer nanosheet. 
After modification with mCS, the high-resolution TEM 
image of fMX shows that there are patches and shad-
ows on the MXene surface (Fig. 4e) [43]. Based on the 
above discussion, MXene may has a chemical reaction 
with mCS chains or oxidized during the modification 
process [44].

3.3 � Characterization of WEP coatings

The fracture surfaces of blank WEP, MXene/WEP, 0.2 wt% 
fMX/WEP, and 0.5 wt% fMX/WEP were fractured in liquid 
nitrogen. For blank WEP coating (Fig. 5a, e), the appearance 
is sleek but with evident micro-pores, which is the result of 
the incomplete coalescence of epoxy emulsion droplets and 
fast water evaporation during the film formation process. 
With the introduction of MXene nanosheets, the fracture 
surface is extremely uneven (Fig. 5b, f), with many bumps 
and holes. This is due to the poor compatibility of MXene 
with polymer, leading to emergence of defects [45]. While 
as for 0.2 wt% fMX/WEP coating (Fig. 5c, g), it can be seen 
that the texture of the fractured surface is quite uniform and 
rougher. The fMX nanosheets cover the micro-pores of coat-
ing, suggesting that after being medicated by mCS, fMX has 
better interfacial adhesion and compatibility with coating 
matrix, thereby prolonging the torturous diffusion pathways 
for the permeation of corrosive mediums. As we all know, 
the reduction of porosity and homogenous distribution of 
fMX are conducive to the improvement of anti-corrosive 
performance [46]. However, in the case of 0.5 wt% fMX/
WEP coating (Fig. 5d, h), obvious nodes and bumps are 
observed, which may be due to agglomeration of fMX in 
high amount in the coating [47].

The EDS mappings of the cross-section of 0.2 wt% fMX/
WEP coating are used to evaluate the distribution of nano-
filler in coating. It is known that C, N, and O elements exist 
in both blank epoxy coating and mCS, Ti element is the 
characteristic of MXene, and P element is the characteristic 

Fig. 4   FESEM images of a MAX phase and d accordion-like MXene; the AFM image of c MXene nanosheets; the TEM image of b MXene 
nanosheets and e fMX nanosheets
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of mCS. The distribution of Ti and P elements in the poly-
mer coating is uniform as described for Fig. 6e, f, which 
points that fMX is very uniformly dispersed in the WEP 
coating and this fact may be helpful to advance of anti-cor-
rosive capability [48]. DSC was carried out to research the 
effect of different 2D nanofillers on the degree of crosslink-
ing of coatings. In Fig. S2, the Tg value of the coatings have 
increased in varying degrees after doping with nanomateri-
als. It is considered that the epoxy groups of WEP can react 
with ostensible active groups of MXene, thus increasing the 
crosslinking density of the coating [49].

3.4 � Corrosion protection property measurement

The long-term anti-corrosive ability of fMX after being 
incorporated in WEP coating is examined by EIS in NaCl 
solution (3.5 wt%) for up to 50 days. The results were fit-
ted by equivalent electric circuits (EECs) and plotted as 
EIS plots, as shown in Fig. 7 [50]. Figure 7a−c depict the 
Nyquist image of different coatings after immersion for 1th, 
10th, and 50th day, respectively. Firstly, as the immersion 
time increases, the diameter at high frequency decreases for 
all coatings. However, results show that the epoxy composite 

Fig. 5   SEM images of fracture surface of (a, e) blank WEP, (b, f) 0.2 wt% MXene/WEP, (c, g) 0.2 wt% fMX/WEP, and (d, h) 0.5 wt% fMX/
WEP coating

Fig. 6   The SEM image of 0.2 wt% fMX/WEP coating (a) and its EDS mapping of C element (b), O element (c), N element (d), P element (e), 
and Ti element (f)
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containing 0.2 wt% fMX shows the maximum diameter at 
high frequency, compared with other coatings, after 50 days 
of immersion. It is clearly depicting that the incorporation of 
fMX in the polymer remarkably increases the barrier prop-
erty of the polymer. Besides, in the bode plots, the lowest-
frequency modulus of the four coatings has conspicuous 
distinction (Fig. 7d−f). And, after 50 days of immersion, 
the lowest-frequency modulus of 0.2 wt% fMX/WEP coating 
(4.73 × 107 Ω cm2) is much higher than that of blank WEP 
coating (2.09 × 105 Ω cm2).

In addition, in Fig. 7g−i, the data of high-frequency 
region (i.e., 103–105 Hz) frequently means barrier perfor-
mance of WEP coatings, and the data of middle-to-low-
frequency region (i.e., 10−2–103 Hz) frequently means the 
generation of the corrosion reaction [51]. The blank WEP 

coating has changed from two-time constant to three-time 
constant after 50 days of immersion, which is not uncommon 
and may be due to the long immersion time and uncontrolla-
ble charge transfer reaction of the corrosive medium to reach 
the coating substrate, resulting in degradation of the coating 
[52, 53]. Moreover, all coatings exhibit high Bode phase 
angle at high-frequency region and low Bode phase angle at 
middle-to-low-frequency region except blank coating.

To intuitively compare the corrosion behavior of the coat-
ings, the impedance modulus corresponding to the 0.01 Hz 
frequencies and the breakpoint frequency corresponding to 
the 45° phase angle are plotted in Fig. 8. The |Z0.01 Hz| is posi-
tively correlated with the protective performance of coatings 
[48]. In Fig. 8a, |Z0.01 Hz| of the 0.2 wt% fMX/WEP coating 
(4.73 × 107 Ω cm2) is more than two orders of magnitude 

Fig. 7   Nyquist (a, b, c), Bode (d, e, f), and phase (g, h, i) plots of blank WEP, 0.2 wt% MXene/WEP, 0.2 wt% fMX/WEP, and 0.5 wt% fMX/
WEP coatings after 1, 10, and 50 days immersed in the 3.5 wt% NaCl aqueous solution
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higher than that of blank WEP coating (2.09 × 105 Ω cm2). 
Results confirm that MXene modification by mCS helps the 
fMX maintain its barrier and anti-corrosive performances 
in polymer, because it promotes the compatibility between 
the nanofillers and the coating. However, when the doping 
of fMX was increased from 0.2 to 0.5 wt%, the |Z0.01 Hz| 
of coating undergoes a grave reduction (from 4.73 × 107 to 
5.76 × 106 Ω cm2), which is almost one order of magnitude 
lower contrasted with 0.2 wt% fMX/WEP coating. The fMX 
nanofiller agglomeration may be caused by excessive mass 
fraction [54].

Furthermore, the microscopic delaminated areas of coat-
ing from metal matrix is evaluated by fb [55]. For blank 
WEP coatings (Fig. 8b), the initial fb is 825.20 Hz, and the 

value of fb increases to 3.83 × 104 Hz after the 10 days of 
immersion. In addition, the blank WEP coating does not 
have a 45° phase angle after 50 days of immersion, which 
means that the blank WEP coating is more likely to blister 
or even crack. Unexpectedly, the fb for 0.2 wt% fMX/WEP 
is only 0.10 Hz at 1 day, which is lower than other coatings, 
and it is still as low as 13.40 Hz after 50 days of immer-
sion, indicating that the incorporation of well-dispersed 
fMX can prevent corrosion ions from reaching the substrate, 
and the adhesion between polymer and substrate cannot be 
destroyed. Moreover, the best results are achieved with the 
0.2 wt% fMX/WEP coating, which also can be attributed 
to the excellent chelating effect of the grafted phosphate 
groups in fMX [56].

Fig. 8   Impedance modulus at a 0.01 Hz frequencies (|Z0.01 Hz|) and b 
breakpoint frequencies at 45° phase angle (fb) of blank WEP, 0.2 wt% 
MXene/WEP, 0.2 wt% fMX/WEP, and 0.5 wt% fMX/WEP coatings 

after 1 day, 10 days, and 50 days exposure to 3.5 wt% NaCl aqueous. 
c The equivalent electrical circuits (EECs)
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In Fig. 8c, all the EIS results are fitted by three equiva-
lent electrical circuits (EECs), which model A is used to fit 
the data of two-time constants. In model A, Rct, Rpo, and Rs 
symbolize charge transfer resistance, pore resistance, and 
solution resistance, respectively. The CPEc and CPEdl simu-
late the non-constant phase capacitance of the coating and 
non-constant phase capacitance of the double layer, respec-
tively. In model B, Zw represents Warburg impedance. As 
the soaking time increases, the coating is severely damaged, 
e.g., the blank coating, the model C is used to fit. The CPEox 
and Rox are used to model oxide layer [57]. The fitting results 
are sorted in Table S1. To intuitively contrast the various 
data of coating, the main data is plotted in Fig. 9.

Rpo is related to the pore area of coating surface and inter-
face blistering area and inversely proportional to porosity 
and foaming rate of coating [58]. In Fig. 9a, Rpo of blank 
coating suffers a serious decrease (from 8.10 × 105 to 
4.65 × 103 Ω cm2), which is over two orders of magnitude 
lower contrasted to its initial condition. This indicates that 
the corrosive media continuously diffuse into the polymer 
matrix, leading to the deterioration of composite coating. 
Surprisingly, 0.2 wt% fMX/WEP coating exhibits the high-
est value of Rpo (1.09 × 107 Ω cm2) over 50 days. This is 
owing to the remarkable compatibility of fMX with WEP 
coating, which leads to fewer faults in coating, thus result-
ing in improved anti-corrosive performance of coating. In 
addition, Rct and CPEdl exhibit response of double layer at 
epoxy composite/steel interface [59]. Observation of Rct and 

CPEdl indicate that the incorporation of fMX could excel-
lently improve the barrier property of composite coatings. 
These outcomes show that anti-corrosive capacities of poly-
mer are dramatically increased via addition of fMX with 
appropriated content in WEP.

For further investigations, the composite coatings were 
subjected to PD test after soaking in NaCl solution for 
50 days. By the Faraday’s law formula, Stern-Geary equa-
tion, and Tafel extrapolation, some crucial electrochemical 
parameters can be obtained to assess the anti-corrosive per-
formance of coatings, such as corrosion rate (CR), corrosion, 
polarization resistance (Rpo), current density (Icorr), and cor-
rosion potential (Ecorr). The gradients of anodic and cathodic 
are anode (ba) and cathode (bc), respectively [45]. In general, 
an inferior Icorr implies an inferior CR and advanced anti-
corrosive capacity [55]. In Table S2, Icorr of 0.2 wt% fMX/
WEP is 5.44 × 10−9 A/cm2, which is two orders of magni-
tude lower than that of neat coating (5.23 × 10−7 A/cm2). It 
is demonstrated that 0.2 wt% fMX/WEP coating possesses 
better anti-corrosive property.

3.5 � Characterization of corrosive products

To further explore the corrosive capability of all WEP coat-
ings, the corrosion products of metal were analyzed. The cor-
rosion morphology of the metal (the coating had been peeled 
off) was described by SEM and EDS. The O element content 
of coatings is in order of 0.2 wt% fMX/WEP coating (4.19 

Fig. 9   The plots of a coat-
ing resistance (Rpo), b charge 
transfer resistance (Rct), c 
coating capacitance (CPEc), 
and d double layer capacitance 
(CPEdl) of blank WEP, 0.2 wt% 
MXene/WEP, 0.2 wt% fMX/
WEP, and 0.5 wt% fMX/WEP 
coatings after 1 day, 10 days, 
and 50 days exposure to 3.5 
wt% NaCl solution
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wt%) < 0.5 wt% fMX/WEP coating (9.81 wt%) < MXene/
WEP coating (13.82 wt%) < blank WEP coating (14.74 wt%), 
as shown in Fig. 10. This means that surface of the metal pro-
tected with blank polymer has been disastrously corroded. Yet 
the steel plate protected with 0.2 wt% fMX/WEP coating has 
minimal corrosion products. Therefore, the WEP coating con-
taining 0.2 wt% fMX shows better anti-corrosive capability 
than any of above coatings.

3.6 � Anti‑corrosive mechanism of nanocomposite 
coating

Based on the above data and analysis, it could be concluded 
that 0.2 wt% fMX/WEP coating exhibited the predominant 
anti-corrosive property. For blank WEP coating, the corro-
sion mediums such as water, O2, and ions can infiltrate the 
coatings through the micro-pores and defects, causing severe 

Fig. 10   SEM images and EDS 
spectra of substrate coated by 
(a, b) blank WEP; (c, d) 0.2 
wt% MXene/WEP; (e, f) 0.2 
wt% fMX/WEP; and (g, h) 0.5 
wt% fMX/WEP coatings after 
immersion in 3.5 wt% NaCl 
aqueous solution for 50 days
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corrosion (Fig. 11). For 0.2 wt% fMX/WEP coating, the 
significantly enhanced anti-corrosive performance is from 
following aspects. On the one hand, the excellent uniform 
distribution of fMX nanosheets enhances the barrier ability 
of composite coating, prolonging the electrolyte’s penetra-
tion path of corrosion medium, prolonging the electrolyte’s 
penetration path. Furthermore, fMX has better compatibility 
with WEP, reducing the porosity of the coatings. On the 
other hand, the phosphate group in mCS has excellent metal 
adhesion, which reduces the degree of delamination between 
coating and substrate. Both factors lead to enhanced anti-
corrosive performance of the coating.

4 � Conclusions

In summary, layered MXene nanosheets, mCS, and fMX 
were successfully synthesized. The MXene, mCS, and fMX 
were investigated by FTIR, XRD, XPS, TGA, SEM, and 
TEM. Results of FTIR and XPS verified that mCS interacted 
with MXene to form Ti–O–P bond. Moreover, the d-spacing 
of MXene and fMX provided evidence for the above conclu-
sion in the XRD patterns. Subsequently, the coatings were 
characterized by SEM, EDS, DSC, EIS, and PD test. The 
SEM and EDS of the fracture surface demonstrated that the 
0.2 wt% fMX homogeneously dispersed in the coating and 
had brilliant compatibility with polymer matrix. Moreover, 
the introduction of fMX decreased the porosity of fMX/
WEP coatings. After 50 days immersion in NaCl solution, 
the 0.2 wt% fMX/WEP coating exhibited superior anti-
corrosive performance with |Z0.01 Hz| of 4.73 × 107 Ω cm2, 
which were two orders of magnitude higher than that of pure 

coating. The Icorr at the 50th day was 5.44 × 10−9 A/cm2, 
which was two orders of magnitude lower than that of blank 
coating. In sum, this work will provide a novel method for 
designing nanocomposite coatings for high-performance and 
long-term metal protection.
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