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Abstract 

In this study, MXene (Ti3C2Tx) nanosheets were modified by an amino acid (L-Cysteine) 

to fabricate functionalized MXene (fMX) hybrid material. Results derived from FTIR, 

XRD, EDS and XPS confirm that L-Cysteine has succeeded in covalently 

functionalizing MXene’s surface. Later, fMX was introduced into the waterborne epoxy 

(WEP) coating as fillers, and its anti-corrosion performance was studied through 

electrochemical impedance spectroscopy and potentiodynamic polarization tests. After 

being immersed in 3.5 wt.% NaCl solution for 30 days, fMX/WEP still maintains a 

higher impedance modulus at lowest frequency (1.21×109 Ω·cm2) and a lower corrosion 

rate (7.95×10-6 mpy) compared to blank WEP. It is resulted from the well dispersion of 

fMX nanosheets in WEP matrix as well as the enhanced barrier properties offered by 

fMX. Our research provides a promising strategy for green modified MXene to improve 

the corrosion resistance of the coating. 
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1. Introduction 

Corrosion has caused serious safety hazards, environmental pollution and huge 

economic losses for many decades. It is estimated that the annual economic losses 

caused by corrosion even exceed 3% of global GDP [1–3]. Applying organic coating 

on the surface of metal substrate is a cost-effective and widely-used anti-corrosion 

method [4–6]. Organic epoxy coatings are widely used owning to their excellent 

performance, such as good adhesion on the substrate, high crosslinking density, 

excellent chemical and weather resistance [7–9]. But traditional solvent borne coatings 

normally contain high volatile organic compounds (VOCs), out of the increased 

awareness of environmental protection, environmentally friendly waterborne epoxy 

coatings (WEP) have attracted attention [10,11]. However, micropores and microcracks 

are generated in the WEP coating because of the evaporation of the water during the 

curing process through which corrosive media (e.g., H2O, O2 molecules, Cl− ions, etc.) 

easily penetrates into metal surface and trigger corrosion [12,13]. 

Introducing two-dimensional (2D) nanomaterials into WEP coatings is a most 

promising way to improve its corrosion resistance [14,15]. 2D nanomaterials with high 

specific surface area, such as graphene, graphene oxide (GO), hexagonal boron nitride 

(h-BN) and 2D transition metal carbides (MXenes), were added into organic coatings 

to increasing the path of corrosive electrolyte in the coating. However, the dispersibility 

and compatibility of 2D materials in organic polymer matrix affect its  barrier 

performance [16–18]. Surface modification of 2D materials is a potential solution of 

this problem. Ramezanzadeh et al. [19] functionalized GO with p-phenylenediamine 



(PPDA) and, as a result of that, the barrier and corrosion protection performance of the 

coating with PPDA-GO was improved. Pourhashem et al. [20] selected (3-aminopropyl) 

triethoxysilane (APTES) for modifying GO flakes (A-GO). The results showed that not 

only the compatibility and interfacial interaction of A-GO in polymer coating were 

improved but also corrosion resistance and adhesion strength to metal substrates of A-

GO/epoxy composites were strengthened. 

As a mixture of 2D transition metal carbides, nitrides and carbonitrides, MXenes is 

a new 2D material first discovered by Gogosti in 2011 [21]. Its general formula is 

Mn+1XnTx, where M stands for the early transition metal (Sc, Ti, Zr, etc.), X is C, N or 

CN, n=1, 2 or 3 and T means the surface termination groups (such as hydroxyl, oxygen 

or fluorine) [22]. MXene has high surface area, excellent hydrophilicity and abundant 

surfaces functionality [23–25]. Yan et al. [26] incorporated Ti3C2 nanosheets as physical 

barrier to epoxy coatings, which exhibited significantly higher corrosion resistance than 

blank epoxy coatings. Yan et al. [27] reported that the composite coatings containing 

amino-functionalized MXene has perfect anti-corrosion and tribological properties 

because of the good dispersity of fillers in polymer matrix and the high adhesion 

strength between coating and metal substrate. Although the significance of amino-

functionalization on MXene is obvious, the widely used amine compound modifiers are 

usually synthetic and unsustainable [28,29]. There is an urgent need to find a bioreagent 

that is environmentally friendly, easy to access and good for corrosion protection. 

L-Cysteine, an amino acid with one sulfhydryl group at the end, is widely used as a 

green corrosion inhibitor [30–33]. Wang et al. [34] studied the inhibition effect and 



reaction mechanism of L-Cysteine on the corrosion of bronze covered with a CuCl 

patina. They found that L-Cysteine effectively inhibited the hydrolysis reaction of CuCl 

at up to 90% efficiency. Stimpfling et al. [35] intercalate L-Cysteine into a layered 

double hydroxide (LDH), and then dispersed it into epoxy based primer layer as an ion 

exchange inorganic functionalized filler. L-Cysteine was released from the LDH 

containers during the corrosion process to delay or even terminate corrosion reaction. 

Here, we use L-Cysteine as surface modifier of MXene to improve the dispersion 

performance of MXene in the epoxy matrix, thereby improving the anti-corrosion 

performance of waterborne epoxy coatings. 

In the present paper, few-layered MXene (Ti3C2Tx) nanosheets were fabricated by 

etching Ti3AlC2 MAX with HF, and then the L-Cysteine was used to functionalize the 

surface of MXene nanosheets. Subsequently, the L-Cysteine/MXene (fMX) hybrid 

material was characterized by FTIR, XRD, SEM, EDS and XPS. Then the anticorrosion 

properties of composite waterborne epoxy (WEP) coating containing fMX was 

investigated using electrochemical impedance spectroscopy and potentiodynamic 

polarization tests. 

2. Experimental 

2.1 Materials 

Lithium fluoride (LiF), lithium chloride (LiCl) and L-Cysteine were purchased from 

Aladdin Chemicals Co., Ltd. (China). Hydrochloric acid (HCl, 37 wt.%) was supplied 

by Guangzhou Chemical Reagent Factory (China). MAX phase (Ti3AlC2, 99.7%) 

power was obtained from Nanjing Mission Advanced Materials Co., Ltd. (China). E51 



were purchased from Guangzhou Dongfeng Chemicals Co., Ltd. (China) and its epoxy 

value was 0.51 mol/100g. Curing agent (BANCO901, active hydrogen equivalent is 

248) was provided from B&C Chemicals Co., Ltd, China. Deionized water was 

prepared in our laboratory using an ultra-pure water machine (UPT-I-20L, ULUPURE, 

China). 

2.2 The preparation of MXene (Ti3C2Tx) nanosheets 

MXene (Ti3C2Tx) nanosheets were prepared by selective etching of Al layer from MAX 

(Ti3AlC2) powders. Firstly, 2.0 g of Ti3AlC2 powders were gradually added into mixture 

of 3.1 g of LiF powders and 40.0 mL of HCl solution (9 M). Then, the mixture was 

reacted for 48 hours at 38°C with continuous stirring. Subsequently, the mixture after 

reaction was centrifuged (3500 rpm for 5 min) and washed three times with 1 M HCl, 

1 M LiCl and deionized water. Next, the precipitate was collected and re-dispersed in 

deionized water. After that, the solution was centrifuged for 10 min at 3500 rpm and 

20 ℃. Finally, resulting MXene (Ti3C2Tx) nanosheets were collected. 

2.3 The modification of MXene 

0.5 g of L-Cysteine powder was dissolved in 50 mL of deionized water by stirring. 

Subsequently, 50.0 mL of MXene solution (10.0 mg/mL) was added into the solution 

under ultrasonic treatment (KQ-550VDE, Kunshan Ultrasound Instrument Co., Ltd., 

Kunshan, China) for 5 minutes and stirred at room temperature for 24 hours under 

nitrogen. After that, the solution was centrifuged and washed with deionized water. 

Finally, precipitate (fMX) was collected and re-dispersed in deionized water. 

2.4 The preparation of fMX/WEP nanocomposite coatings 



Firstly, the carbon steel sheets (120mm × 120mm × 1mm) were polished first by 180-

grit and then 600-grit sandpaper and degreased with ethanol. 9.0 mL of fMX aqueous 

solution (1.80 mg/mL) was mixed with 5.8 g of waterborne hardener and 4.6 g of epoxy 

resin E51 by ultrasonic for 10 minutes. Then, the mixture was deposited on the as-

prepared steel surface using an applicator with wet thickness of 90 µm. The fMX/WEP 

(0.2 wt.%) nanocomposite coatings were cured at room temperature for 48 h at 80 ℃ 

for 10 hours and the resulting thickness of dried coatings was 37 ± 4 μm. The blank 

WEP coatings without nanosheets and the MX/WEP with 0.2 wt.% pristine MXene 

nanosheets were prepared using the same procedure. 

 

Fig. 1. The schematic graph of the preparation process of MXene (Ti3C2Tx), fMX and 

composite coating. 

2.5 Characterization 

X-ray diffraction (XRD) of Ti3AlC2, MXene and fMX was measured by Rigaku 

instrument, Japan with a CuKα radiation (λ = 0.15406 nm) source and the scanning rate 

was 10 °/min from 3°-60°. The MXene and fMX functional groups were analyzed by 

Fourier transform infrared (FTIR) spectra using VERTEX 70 spectrometer (Bruker Co., 

Germany). Morphology of MXene, fMX and the cross-section surfaces of coating was 



investigated with a scanning electron microscope (SEM, HITACHI, Japan) and 

transmission electron microscope (TEM, JEM-2100, Japan). The energy dispersive 

spectroscopy (EDS) elemental mappings of pristine MXene and fMX were obtained by 

SEM. The chemical state of pristine MXene and fMX was characterised by X-ray 

photoelectron spectroscopy (XPS, Thermo fisher Scientific K-Alpha, USA). 

2.6 Electrochemical characterization 

Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization tests 

of three coatings were recorded by CHI660E electrochemical workstation (Chenhua, 

China). Three-electrode system was used in the electrochemical cell: (a) graphite as 

counter electrode; (b) saturated Ag/AgCl electrode as reference electrode and (c) the 

coated carbon steel as working electrode. The open circuit potential (OCP) must be in 

stable state before the EIS test. EIS was recorded in the frequency range of 105 to 10-1 

Hz at 10 mV amplitude. The electrochemical parameters were fitted and analyzed by 

ZSimpWin software. Potentiodynamic polarization curves were collected from -300 

mV to +300 mV vs. OCP at a scan rate of 10 mV/s after coatings were immersed in 3.5 

wt.% NaCl solution for 30 days. 

3. Results and discussion 

The schematic overview of the preparation process is shown in Fig. 1. The Al layer in 

Ti3AlC2 MAX phase was selectively in-situ etched by HF. Then, the single-layer 

MXene nanosheets was obtained through Li+ ion intercalation and vibrating exfoliation. 

Next, surface functional modification of MXene with L-Cysteine was performed to 



obtain MXene/L-Cysteine hybrid (fMX). Finally, MXene and fMX were added into 

epoxy resin and then applied on Q235 steel surface. 

3.1 Basic characterization of fMX 

3.1.1 FTIR spectra 

FTIR spectra of the pristine MXene and fMX are shown in Fig. 2a. It is obvious that 

the OH (3427 cm-1), C-O (1630 cm-1) and Ti-O (558 cm-1) groups observed in all 

samples [36]. Compared with MXene, the new peaks in fMX samples appeared at 2928 

cm-1, 2858 cm-1 and 1464 cm-1, corresponding to symmetric and asymmetric vibrations 

of the C-H bonds, and the peaks at 1685 cm-1 are attributed to the bending of N-H. The 

results presented here indicated that L-Cysteine has been successfully bounded on the 

MXene surface [37,38]. Both covalent bonds and non-covalent bonds can be formed, 

which was investigated by XPS (see Part 3.1.4). 

3.1.2 XRD 

Fig. 2b shows the XRD curves of Ti3AlC2, MXene and fMX. The (104) peak of Ti3AlC2 

at 39.0° completely disappeared indicating the Al layer was successfully etched [39,40]. 

Moreover, the (102) peak of Ti3AlC2 at 9.62° moved to a lower angle at 6.90°, and the 

d-spacing was increased from 9.19 Å to 12.80 Å demonstrating the single-layer MXene 

was prepared through Li+ ions intercalations [41]. After being functionalized by L-

Cysteine, the (002) peak of fMX moved to a much lower angle at 6.32°, and the d-

spacing became 1.17 Å larger than the pristine MXene. It is a strong evidence that L-

Cysteine functionalized on the surface of MXene so the interlayer spacing is expanded 

[38]. 



 

Fig. 2. (a) The FTIR spectra of MXene and fMX; (b)The XRD curves of Ti3AlC2, 

MXene and fMX. 

3.1.3 Morphology 

The morphology and microstructure of Ti3AlC2 MAX phase, MXene and fMX were 

observed by SEM and TEM. As shown in Fig. 3a, Ti3AlC2 MAX phase has closely 

stacked layered structure. After in-situ etched by HF for 48 h, the layers of MAX phase 

were separated from each other showing an accordion-like structure (Fig. 3b). It is 

indicating that the Al layer has been removed, which is consistent with XRD results. 

After intercalation and exfoliation, the single MXene flakes were obtained. The TEM 

image in Fig. 3c shows that MXene nanosheets were pretty thin and well-dispersed 

with no apparent stacked state. The SEM image of fMX is demonstrated in Fig. 3d, the 

surface of f-MX became rough, resulted from L-Cysteine functionalization. 



 

Fig. 3. SEM images of (a) MAX phase, (b) accordion-like MXene; (c) the TEM 

image of MXene nanosheets; (d) SEM images of fMX nanosheets 

3.1.4 EDS mapping 

 

Fig. 4. The SEM-EDS mapping of fMX: (a)SEM image of fMX; (b) Ti, (c) N, (d) S 

distribution. 



EDS mapping was used to confirm the distribution of L-Cysteine on fMX (Fig. 4a). 

The Ti element is characteristic for MXene (Ti3C2Tx) while the N and S elements 

indicate presence of L-Cysteine. As shown in Fig. 4, Ti, N and S elements were evenly 

distributed on fMX, proving that the MXene surface was well functionalized by L-

Cysteine. 

3.1.4 XPS 

The wide scan XPS spectrum of pristine MXene and fMX is shown in Fig. 5a. C 1s 

(282.48 eV), F 1s (685.59 eV), O 1s (530.28 eV) and Ti 2p (456.01 eV) are present in 

both samples. Three new peaks at 400.42 eV, 227.08 eV and 163.29 eV coresponding 

to N 1s, S 2s and S 2p were observed only in fMX samples. As shown in Fig. 5b, the 

C1s of pristine MXene was deconvoluted into four peaks, which are C-Ti (282.46eV), 

C-C (284.8 eV), C-O (286.84 eV) and C=O (288.61 eV). C1s of fMX was consisted of 

C-Ti (281.96 eV), C-C (284.32 eV), C-N (284.93 eV), C-O (286.46 eV), C-S (287.08 

eV) and C=O (288.42 eV). In the high resolution XPS spectra for N 1s (Fig. 5c) of fMX, 

there are three main peaks at 397.6 eV, 400.32 eV and 402.22 eV, which correspond to 

N-Ti, -NH- and N-H, respectively [38,42]. S 2p spectrum of fMX was broken down 

into two components (Fig. 5d). The low-energy side (162.24 and 162.81 eV) and the 

high energyside (163.82 and 165.17 eV) correspond to S-Ti and S-H respectively 

[43,44]. The result of XPS indicates that L-Cysteine is successfully grafted on the 

surface of MXene by forming N-Ti and S-Ti bond. 



 

Fig. 5. (a) XPS spectra of pristine MXene and fMX; (b) C 1s spectra of pristine 

MXene and fMX; (c) N 1s spectrum of fMX; (d)S 2p spectrum of fMX. 

3.2 Characterization of fMX/WEP nanocomposite coatings 

3.2.1 Morphology of composite coatings 

The dispersion of nanosheets in polymer matrix is an important factor affecting the anti-

corrosion performance of coatings. The fractured surface of three coatings was 

characterized by SEM and is shown in Fig. 6. It can be observed from Fig. 6a-b that 

the fracture surface of blank WEP is smooth with obvious long cracks and holes. As 

shown in Fig. 6c-d, with the addition of MXene nanosheets, the fractured surface of 

MX/WEP became rough and the cracks were disorderly distributed. Moreover, some 

agglomerated MXene can also be observed, indicating that unmodified MXene would 

result in uneven dispersion of MXene in epoxy matrix. However, since functionalized 

with L-Cysteine fMX have more affinity to WEP than MXene, fMX makes the section 



of fMX/WEP rough but the cracks are relatively uniform (Fig. 6e-f). The above results 

indicate that the dispersibility of fMX in the epoxy matrix is superior to that of MXene, 

which effectively improves the barrier performance of the epoxy coating to corrosive 

media. 

 

Fig. 6. SEM images of fractured surface of (a-b) blank WEP; (c-d) MX/WEP; (e-f) 

fMX/WEP. 

3.3 Corrosion protection property measurement 

3.3.1 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) test is an important method to study the 

long-term anti-corrosion performance of coatings [45,46]. EIS tests were conducted on 



the coatings immersed in 3.5 wt.% NaCl solution for 1, 10, 20, and 30 days, respectively, 

and plotted as Nyquist diagrams and Bode diagrams. At the same time, the EIS data 

were analyzed through ZSimpWin software and fitted by the equivalent electric circuits 

(EECs). 

 

Fig. 7. Nyquist and Bode plots of blank WEP (a, b, c); MX/WEP (d, e, f); fMX/WEP 

(g, h, i) immersed in 3.5 wt.% NaCl solution. 

The Nyquist and Bode plots were shown in Fig. 7. For blank WEP the diameters at 

high frequencies in Fig. 7a and the modulus at lowest frequency of Fig. 7b decreased 

sharply after being immersed for 30 days, while the phase angle in Fig. 7c moved to a 

higher frequency with the increase of immersing time. These results show that the 

electrolyte solution can easily reach the surface of the metal substrate and form a mass 

transferring layer, which is mainly due to blank WEP has many micro-pores and defects 

after curing. The diameters at high frequencies in Nyquist plot (Fig. 7d) and the lowest-



frequency modulus in Bode plot (Fig. 7e) both had slower descending trend than blank 

WEP when MXene was added into epoxy coating owing to the excellent barrier 

performance of Mxene nanoplates. Warburg diffusion slope appeared after 10 days 

immersion, which may be due to the gap between Mxene nanoplates and the epoxy. 

After using L-Cysteine modified MXene as fillers for WEP, the EIS performance of 

fMX/WEP improved significantly with negligible changes in low-frequency impedance 

modulus after 30 days of immersion in 3.5 wt.% NaCl solution. 

In order to compare the corrosion behavior of three coatings during immersion, the 

impedance modulus at lowest frequency (|Z0.1Hz|) and breakpoint frequency at -45° 

phase angle (fb) were shown at Fig. 8. The impedance modulus at lowest frequency 

(|Z0.1Hz|) can reflect the protective performance of the coating [47]. As shown in Fig. 8a, 

the |Z0.1Hz| of blank WEP decreased from 1.98×107 to 2.54×106 Ω·cm2 after 30 days of 

immersion, while the |Z0.1Hz| of MX/WEP decreased from 6.69×107 to 4.12×107 Ω·cm2 

after adding MXene, this is because the addition of MXene nano-fillers provides a 

“maze effect” on WEP coatings making it more difficult for electrolyte to penetrate 

through coatings. With the addition of fMX, the |Z0.1Hz| was greatly improved, which is 

two orders of magnitude larger than MX/WEP and three orders of magnitude as for 

blank WEP. It is indicating that fMX/WEP has the best corrosion resistance of the three 

composite coatings. 

Breakpoint frequency at -45° phase angle (fb) is in proportion to the coating defect 

area [48]; therefore, the coating with low fb has better corrosion resistance. As shown 

in Fig. 8, each period (1, 10, 20, and 30 days) of blank WEP has the largest fb value 



among the three coatings. As the immersion time increases, the fb of blank WEP 

increases most obviously, from 37.66 Hz to 1260.12 Hz, which is mainly due to the 

accumulation of corrosion products resulted in serious delamination between the 

coating and metal substrate. The fb of MX/WEP varies from 7.09 Hz to 23.48 Hz, which 

is smaller than that of blank WEP and has a slight change. The addition of MXene can 

effectively slow down the penetration of corrosive media. The fb value of fMX/WEP 

appears after 10 days of immersion and very stable (from 0.11 Hz to 0.14 Hz) during 

30 days showing that the addition of fMX effectively reduces the porosity of the coating. 

 

Fig. 8. Impedance modulus at 0.1 Hz frequencies (|Z0.1Hz|) and breakpoint frequencies 

at -45° phase angle (fb) of blank WEP, MX/WEP and fMX/WEP coatings after 1 day, 

10 days, 20 days and 30 days of exposure to 3.5 wt.% NaCl aqueous solution. 

We used the equivalent electrical circuits (EECs) in Fig. 9a to fit EIS data by 

ZSimpWin software and listed the circuit parameters in Table S1. Model A is usually 

used to simulate the coating/metal interface when the penetration of the electrolyte 

solution reaches its saturation in coating. In this model, Rs represents the solution 

resistance; Rpo, Rct are the pore resistance and the charge transfer resistance, respectively, 



Rpo is related to the pore area of coating surface and interface blistering area and 

decreases with the increase of porosity and blistering rate; CPEc and CPEdl are coated 

non-ideal capacitors and double-layer non-ideal capacitors. Model A is suitable for 

fMX/WEP. The coating was destroyed and degraded as the electrolyte continues to 

penetrate, and the concentration gradient existing in the coating also disappears. 

Furthermore, if corrosion reaction in the interface area between the coating and the 

metal substrate accelerates, a new diffusion layer appears. Model B is set for coating in 

this period, where Zw represents Warburg impedance, we use Model B to fit blank WEP 

and MX/WEP. 

Rpo is an important indicator for evaluating coating density and porosity. As shown 

in Fig. 9b, the Rpo value of the blank WEP decreases from 3.32×106 to 3.65×105 Ω·cm2 

after 30 days of immersion, which indicates that the blank WEP lost its ability to prevent 

penetration of corrosive media. After adding MXene, the Rpo value of MX/WEP 

improved (from 1.46×107 to 7.26×106 Ω·cm2). It is attributed to 2D structure and large 

surface of MXene. The initial Rpo value of fMX/WEP was 1.44×108 Ω·cm2 and then 

decreased to 6.51×107 Ω·cm2 and is about two orders of magnitude larger than that of 

blank WEP at the same time, which shows fMX/WEP has higher density and lower 

porosity. 

Rct is inversely proportional to the metal corrosion rate [49]. It can be clearly seen 

from Fig. 9c that the Rct of the three coatings decreases with the increase of immersion 

time. The order of Rct value from high to low is: fMX/WEP, MX/WEP, blank WEP, and 

the Rct value of fMX/WEP is at least 2 orders of magnitude larger than blank WEP 



showing that the corrosion resistance of epoxy coating is greatly improved after adding 

fMX nanosheets. 

 

Fig. 9. (a) The equivalent electrical circuits (EEC) and the electrical parameters (b) 

Rpo and (c) Rct 

3.3.2 The potentiodynamic polarization (PD) test 

In order to evaluate the anti-corrosion performance of the coating, the coatings were 

subjected to potentiodynamic polarization test after 30 days of immersion in 3.5% NaCl 

solution (Fig. 10). Further, we used Tafel extrapolation, Stern-Geary equation and 

Faraday's law formula to calculate the corrosion potential (Ecorr), corrosion current 

density (Icorr), polarization resistance (Rp), anode (ba) and cathode (bc) slopes and 

corrosion rate (CR) [50,51] (see Table 1). 

Generally, the coating with higher Ecorr and Rp, lower Icorr has better corrosion 

resistance [7]. The Ecorr of MX/WEP and fMX/WEP are -224.21 mV and -220.7 mV, 

which are significantly higher than the blank WEP (-571.84 mV). The Icorr of fMX/WEP 

is 1.22×10-10 A/cm2, which is one order of magnitude lower than for MX/WEP 



(5.32×10-9 A/cm2) and two order of magnitude lower than for blank WEP (4.74×10-8 

A/cm2). In addition, fMX/WEP has the largest polarization resistance (3.44×108 Ω·cm2) 

and the smallest corrosion rate (7.95×10-6 mpy). It is three orders of magnitude larger 

and three orders of magnitude smaller than pure epoxy coating (8.77×105 Ω·cm2 and 

3.08×10-3 mpy), respectively, indicating that fMX/WEP has the best anti-corrosion 

performance among the three coatings. 

 

Fig. 10. Potentiodynamic polarization curves of coatings after 30 days of immersion 

in 3.5 wt.% NaCl aqueous solution. 

Table 1. Tafel extrapolation results obtained from Fig. 10. 

Sample Ecorr (mV) Icorr (A/cm2) 
Rp 

(Ω·cm2) 

ba 

(mV/dec) 

bc 

(mV/dec) 
CR (mpy) 

blank/WEP -571.84 4.74×10-8 8.77×105 182.31 -201.16 3.08×10-3 

MX/WEP -224.21 5.32×10-9 8.14×106 200.24 -198.25 3.46×10-4 

fMX/WEP -220.7 1.22×10-10 3.44×108 198.96 -188.89 7.95×10-6 

Above results are consistent with the previous electrochemical impedance 

spectroscopy (EIS) test results, which shows that although the addition of MXene gives 



the WEP coating good barrier properties, its improvement is limited due to the poor 

dispersion of the MXene nanosheets in the resin matrix. After using L-Cysteine to 

modify MXene, fMX has good dispersibility in the coating and improves the 

compactness of the coating, which makes it difficult for the corrosive medium to pass 

through the coating and react with the metal substrate. 

3.3.3 Characterization of corrosion layers on the surface of substrate 

After immersing in 3.5 wt.% NaCl solution for 30 days, the steel substrates with the 

upper coating removed, and was characterized by SEM and EDS. As shown in the Fig. 

11, the surface of the substrate coated with blank WEP and MX/WEP produced a large 

amount of corrosion products after the corrosion test. EDS can analyze the penetration 

degree of corrosive media on metal substrates [52,53]. It can be seen from the EDS 

results that the corrosion surfaces of blank WEP and MX/WEP revealed a large amount 

of O (19.733wt.% and 18.696 wt.%, respectively) and Cl (3.346 wt.% and 9.904 wt.%, 

respectively), which indicates that the surface of the substrate is severely corroded. 

However, the surface of the substrate coated with fMX/WEP is well preserved and only 

a small amount of O (0.899 wt.%) and Cl (0.012 wt.%) appeared. 



 

Fig 11. SEM images and EDS spectra of substrate coated by (a, b) blank WEP; (c, d) 

MX/WEP; (g, h) fMX/WEP after immersion in 3.5 wt.% NaCl aqueous solution for 

30 days. 

3.3.4 The corrosion protection mechanism of epoxy coating 

Fig. 12 demonstrates the possible mechanism of MX/WEP and fMX/WEP protection. 

The addtion of MXene nanosheets with high surface area enhances the barrier 

performance of epoxy coating; however, the poor dispersion and compatibility of 

MXene in the epoxy matrix limit the reinforcement of MXene. L-Cysteine surface 

modification of MXene improves the dispersion of fMX in epoxy coating, which 

lengthens the diffusion path and increases the difficulty of the penetration of corrosive 

media. 



 

Fig 12. Schematic representation of corrosion process of (a) MX/WEP and (b) 

fMX/WEP coatings. 

4. Conclusions 

In this article, the functionalized MXene (fMX) hybrid material was successfully 

prepared by the covalent reaction of L-Cysteine and MXene surface, which was 

confirmed by FTIR, XRD, SEM, EDS mapping and XPS. Then, we introduced fMX 

into epoxy coatings and used EIS test and potentiodynamic polarization test to 

characterize the anti-corrosion performance of fMX/WEP. The SEM of coatings surface 

revealed that the dispersion performance of fMX in waterborne epoxy coatings is 

significantly better than that of MXene. Moreover, the electrochemical test results 

showed that fMX/WEP has highest low frequency impedance (1.21×109 Ω·cm2) and 

smallest corrosion rate (7.95×10-6 mpy), which are 3 orders of magnitude higher and 3 

orders of magnitude lower than that of blank WEP. SEM and EDS spectra also showed 

that fMX/WEP effectively slows down the corrosion rate of metal substrates compared 



to other two coatings. This is mainly due to: (1) good dispersion performance of fMX 

in epoxy matrix; (2) excellent barrier properties of MXene nanosheets with high aspect 

ratio. 
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