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Abstract Two-dimensional nanosheets are highly
effective tougheners for vinyl ester resins. The toughening
effect is related to the high specific surface area and unique
two-dimensional planar structure of the nanosheets. In this
study, a coupling agent y-(2,3-epoxypropoxy) propytrime-
thoxysilane (Kh-560) was used to modify MXene
nanosheets (M-MXene) for use in toughening vinyl ester
resin. The mechanical properties, including the tensile
strength, flexural strength, Young’s modulus and
elongation, of neat vinyl ester resin and vinyl ester resin
modified with MXene and M-MXene were investigated.
The results showed that modification significantly
improved the mechanical properties of the vinyl ester resin.
The tensile and flexural strengths of the MXene-
nanosheet-modified vinyl ester resin were 27.20% and
25.32% higher, respectively, than those of the neat vinyl
ester resin. The coupling agent improved the interfacial
compatibility between the MXene nanosheets and vinyl
ester resin, which resulted in the tensile and flexural
strengths of the M-MXene-nanosheet-modified vinyl ester
resin being 52.57% and 54.60% higher, respectively, than
those of the neat vinyl ester resin for a loading quantity of
nanosheets of only 0.04 wt %, which is economically
viable. The main mechanisms by which the nanosheets
toughen the resin are crack deflection and crack pinning.

Keywords MXene nanosheets, 2D material, vinyl ester
resin, modification, coupling agent

1 Introduction

Bisphenol-A-type vinyl ester resin (VER) is a
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thermosetting resin synthesized by the reaction of
methacrylate acid and bisphenol-A epoxy resin [1].
Compared to epoxy resin, VER has comparable
mechanical properties but can be cured more quickly at
room temperature, which is extremely useful [2,3]. VER
is an unsaturated polyester resin that is widely applied in
automobiles, marine applications, storage equipment,
construction, etc. [4]. Good mechanical properties (in
particular, high tensile and flexural strengths) for VER
are required to enable application to the construction or
manufacturing of resin matrix composites. Improving the
mechanical properties of VER can considerably expand
the application performance and application scope.
Elastomeric tougheners, such as rubber [5,6], copolymers
[7,8] and polyurethane [9], have been reported to toughen
VER. Elastomeric tougheners can effectively increase the
fracture toughness of resins but do not eliminate all
defects. The introduction of elastomeric tougheners
decreases the modulus and glass transition temperature
[8] of resins, making processing more difficult.
Modification with inorganic nanoparticles is another
way of improving the mechanical strength of resin
[10,11]. Resins toughened with rigid inorganic nanofillers
exhibit a higher modulus and impact resistance than
resins modified with rubber or copolymers [12]. The
effectiveness of nanofillers in toughening resins is related
to several factors, such as the loading quantity, shape,
size and dispersion performance of the nanoparticles.
Compared to traditional inorganic nanoparticles, such as
TiO, [13,14] and Al,O, [15], 2D inorganic nanosheets
can modify a resin more effectively at a low loading level
due to a high specific surface area and a unique 2D
structure [16,17]. Exfoliated graphene was previously
found to enhanced the tensile strength of epoxy by up to
2.3 times, which was considerably higher than the 1.2-
times-enhancement obtained using nanoparticles and
nanoclay additives [18]. In addition, flaky graphene oxide
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(GO) and its functionalized derivatives have been succ-
essfully used in several studies for toughening unsatur-
ated polyesters [19], epoxy resins [20] and VER [21].

In this study, bisphenol-A-type VER is modified by
MXene, a 2D inorganic nanosheet consisting of transition
metal carbide nitrides or carbonitrides with several atomic
layer thicknesses, in which large quantities of hydroxyl
functional groups or terminal oxygen and fluorine are
attached to the nanosheet surface [22,23]. The mechanical
properties of the modified resin are tested, and an in-
depth study is performed on how the MXene loading
quantity affects the toughening of VER. Five samples of
VER modified with MXene nanosheets at loading
quantities of 0.016 wt %, 0.024 wt %, 0.032 wt %,
0.040 wt % and 0.048 wt % are investigated. Moreover, a
silane coupling agent Kh-560 is used to modify the
surfaces of MXene nanosheets to improve the interfacial
compatibility between the resin and MXene nanosheets
[24]. The coupling agent has an amphiphilic molecular
structure, whereby the functional group at one end of the
molecule can connect to organic substances (such as resin
and rubber) and the functional group at the other end can
interact with specific groups on the surface of inorganic
particles [25,26]. The active hydroxyl functional groups
on the surface of MXene nanosheets hydrolyzed with Kh-
560 to form Si—O bonds, whereby the MXene nanosheets
modified with the coupling agent (M-MXene) exhibits
enhanced interfacial compatibility with VER. The
coupling agent effectively bridges the inorganic M-
MXene nanosheets and the organic VER.

All the results of this study show that incorporation of
MXene nanosheets significantly toughens VER and the
introduction of Kh-560 further enhances the mechanical
properties of the modified resin. For the resins modified
by MXene nanosheets, the best mechanical properties are
obtained for a mass fraction of MXene of 0.04 wt % (the
tensile and flexural strengths of the resin increase by
2720% and 25.32%, respectively). For resins
simultaneously modified with MXene and Kh-560, the
best mechanical properties are also obtained for an
MXene mass fraction 0.04 wt % (the tensile and flexural
strengths of the resin increase by 52.57% and 54.60%,
respectively). The toughening mechanism and the role
and limitations of the coupling agent for MXene-
nanosheet-modified = VER  are studied through
fractography analysis using SEM. Existing problems and
potential solutions for the process of modifying VER with
MXene are discussed.

2 Experimental

2.1 Materials

Standard bisphenol-A  VER (LH-884), 2-butanone
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peroxide (LH-V788, 45 wt % in 2,24-trimethyl-1,3-
pentanediol diisobutyrate), and 2-ethylhexanoate (LH-
836JCB-1) were obtained from the Qingyuan Meiheng
New Material Technology Co. y-(2,3-Epoxypropoxy)
propytrimethoxysilane (Kh-560) was purchased from
Sigma-Aldrich. Absolute ethanol (99.5% ethanol), LiF
and HCI were purchased from Aladdin. Ti;AlC, MAX
powder (~40 pm) was purchased from the Zhongxin New
Materials Co., China. Deionized water (with a resistivity
of 18 MQ-cm) was produced in the laboratory.

2.2 Synthesis of the MXene nanosheets

Detailed synthesis of the MXene nanosheets solution can
be found in our previous work [27-30]. Briefly, 4 g of
Ti,AlC, MAX were added to a premixed etchant solution
with 4 g of LiF and 40 mL HCI solution under magnetic
stirring. The mixture was maintained at 35 °C and
allowed to react for 24 h under stirring. The Ti,C,T,
slurry product was washed with deionized water until a
pH of 6 was reached. The final product was obtained by
sonicating the Ti,C,T, slurry in deionized water for 1 h
under an argon flow, followed by centrifugation at
3500 r-min~! for 1 h. This simple preparation process of
the MXene nanosheet solution is shown in Fig. 1.

2.3 Synthesis of the modified MXene nanosheets

To effectively disperse the MXene nanosheets in VER,
the deionized water in the MXene dispersion was
replaced with an ethanol solution. Kh-560 was mixed
with ethanol in a 1:10 ratio under 30 min of sonication,
followed by the addition of a prescribed quantity of the
MXene ethanol dispersion. The intermediate product was
maintained at 70 °C and stirred for 1 h, followed by
20-30 min of sonication. The thus prepared M-MXene
dispersion was stored for future use.

2.4 Preparation of nanosheets/resin composite

MXene-based resin nanocomposites were prepared via
similar procedures. Generally, the resin (5 g) was mixed
with the MXene/M-MXene dispersion solution (at five
different loading quantities of 0.016 wt %, 0.024 wt %,
0.032 wt %, 0.040 wt %, and 0.048 wt %) in a flask under
magnetic stirring for 1 h, followed by sonication in a bath
for 30 min to evenly disperse the MXene/M-MXene. The
resin dispersion solution was heated to 80 °C to evaporate
the ethanol. Then, 1 wt % (= 0.05 g) of 2-ethylhexanoate
was added to the dispersion as an accelerator promoter for
the reaction, followed by stirring for 10 min. The resin
dispersion solution was subsequently initiated with 1 wt %
(= 0.05 g) of 2-butanone peroxide and reacted for 10 min
under magnetic stirring, followed by degassing in vacuum
for 20 min. The resin was then poured into a homemade
silicone mold, followed by curing at room temperature for
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Fig. 1 Preparation process of the MXene nanosheets and nanosheets/resin composites.

24 h and at 80 °C for 2 h. All the samples were cut into
test specimens.

2.5 Characterization

Infrared spectroscopy (IR) was performed with
FTIR-ATR on the neat VER and MXene-modified VER
flakes using a Fourier transform infrared spectrometer
(FTIR). The fracture toughness of the neat resin and
modified VER was determined using an INSRON-5967
double column system according to GB/T Standard 2567-
2008. All the specimens were preformed into rectangular
shapes, with a length of 200.0 + 0.2 mm, width of 100 +
0.2 mm, and thickness of 3.5—4.5 mm. All the specimens
were pulled at a speed of 10 mm-min~! until completely
broken. The flexural strength and flexural modulus of the
corresponding VER nanocomposites were tested using
the three-point bending method. A JEOL 6700 field
emission electron microscope (SEM) was used to
determine the toughening mechanisms. The fractured
tension specimens were attached to a sample holder using
conductive tape. The SEM samples were coated with a
thin platinum layer to increase the conductivity. SEM
images were taken at an accelerating voltage of 10 kV.

3 Results and discussion

3.1 Structure analysis

This section is an analysis of the microstructure and
chemical and mechanical properties of the MXene
nanosheets and nanosheet/resin composites. Figure 2
shows SEM images of the prepared MXene nanosheets.
The excellent toughening effect of the MXene nanosheets

(a)

Fig.2 SEM images of (a) the MXene nanosheets in low
magnification and (b) the MXene nanosheets in high
magnification.

can be attributed to their planar structure and ultrahigh
aspect ratio. However, untreated MXene nanosheets tend
to aggregate and stack, which reduces the modification
effect for VER. Thus, the nanosheets and the MXene
nanosheets/resin composites were sonicated to increase
dispersibility.

A comparative analysis of the unmodified MXene
nanosheets and Kh-560-modified MXene (M-MXene)
nanosheets is performed. EDXS results for the elemental
distribution of both types of nanosheets are shown in
Fig. 3. The elemental distributions of C and F show the
MXene nanosheets are homogeneous. The presence of
elemental Si in the coupling agent Kh-560 can be clearly
observed in the mapping result for the M-MXene
nanosheets, whereas there is almost no elemental Si in the
MXene nanosheets, indicating that the modification
procedure was successful. Elemental silicon originated
from the terminal functional groups of the M-MXene
nanosheets after treatment with the Si-containing
coupling agent Kh-560 via a hydrolysis step.

FTIR-ATR analysis was performed to evaluate the
chemical structure of the MXene and M-MXene
nanosheets. In Fig. 4, the main peaks at 3570 and 565 cm™!
correspond to the hydroxyl and Ti—O groups of the
MXene and M-MXene structures, respectively. Compared
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Fig.3 The SEM images and elemental distribution results of (a) the MXene nanosheets and (b) the M-MXene nanosheets.
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Fig. 4 Infrared spectra results of the MXene and M-MXene
nanosheets.

to the spectrum of the MXene nanosheets, the absorption
band from the O-H stretching vibration in the spectrum
of M-MXene nanosheets is considerably weaker in
intensity because the reaction between MXene and
ethanol results in dehydration of the —OH groups of
MXene and Kh-560. The strong peak in the range of
960-303 cm™! in the spectrum of the M-MXene
nanosheets can be considered as the superposition of two
peaks, one from the deformation vibration of the Ti—O
bond and one from the stretching vibration of Si—-O-Ti
[31], indicating the MXene nanosheets were successfully
modified by the coupling agent Kh-560.

3.2 Mechanical properties of the MXene/M-MXene
modified VER composites

Figure 5 shows the tensile toughness of the different VER
nanocomposites. The tensile toughness of both the
MXene/VER and M-MXene/VER composites clearly
increases with the loading quantity of the MXene/M-
MXene nanosheets in the ultralow loading range. The
increase in the tensile toughness of the modified VER
compared to that of VER reaches a maximum at
approximately 27.3% and 52.6% at 0.04 wt % loading of
MXene and M-MXene, respectively; that is, the tensile

strength increases from 70.0 MPa for VER to 89.1 MPa
and 106.8 MPa for VER modified with MXene and M-
MXene nanosheets, respectively. The incorporation of
MXene nanosheets into VER clearly improves the
mechanical properties of the resin. This result may be
related to the effect of the nanosheets on the fracture
mechanism and crack development process. The tensile
toughness of the VER composites decreases at an
excessive loading quantity (above 0.048 wt %). This
result is related to the dispersion of the MXene
nanosheets in resin and the self-agglomeration of the
nanosheets. These results show that the introduction of
MXene nanosheets can enhance the mechanical proper-
ties of the resin. Modification of the MXene nanosheets
by the coupling agent further enhances the mechanical
properties of the resin by 25.3% for a 0.04 wt % loading
of M-MXene. The mechanism by which M-MXene
further enhances the mechanical properties of the resin is
that the Si—O functional groups attached to the surface of
M-MXene nanosheets combine with the carbon in the
resin through a hydrolysis reaction to form Si-O-C
bonds. The interfacial crosslinking characteristics between
the resin and nanosheets are improved. The tensile
modulus results presented in Fig. 6 show that the strength
modulus of the MXene/VER nanocomposites is almost
maintained (corresponding to only a slight increase)
because of the incorporation of an ultralow quantity of
MXene/M-MXene nanosheets, which is in accordance
with the trend reported for modified graphene oxide
containing unsaturated polyester and VER [32].

Figure 7 shows the flexural strength and flexural
modulus of the MZXene/M-MXene-modified VER
composites. The flexural strength of the resin composites
increases with the loading quantity of the MXene or
modified MXene nanosheets, showing a similar trend to
that for the tensile strength. The flexural strength of
VER increases by 25% and 54% upon incorporation of
MXene and M-MXene nanosheets, respectively, at a
loading quantity of 0.04 wt % because the interfacial
compatibility increases, whereas there is only a slight
increase in the flexural modulus of the nanosheets/VER
nanocomposites over that of VER.
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Fig. 5 Tensile toughness (ot) of the MXene/M-MXene modified VER composites. (a) Tensile strength and (b) tensile elongation
for the MXene modified VER composites, (c) tensile strength and (d) tensile elongation for the M-MXene modified VER

composites.

[ Neat VER [ MXene [l M-MXene

3268.3
20142 3173 3257.23255.6 3193.1
#3007.5

3500

2821.6 2001330112

3000 2824.1

2500

2000

Et/MPa

1500

1000

500

0 0.160.240.320.40 0.48 0.16 0.24 0.32 0.4 0.48
(Loading amount of MXene/M-MXene)/%o

Fig. 6 Tensile modulus (Et) of the MXene/M-MXene modified
VER composites.

3.3 Fractography analysis

Representative SEM images are shown for failed compact
tension samples of neat VER (Fig. 8) and MXene- and
M-MXene-modified VER composites (Fig.9). The
fracture surface of the neat VER is very smooth and flat,
and several parallel fine lines are distributed throughout
the surface. This result shows that neat VER has
relatively low mechanical properties and is brittle. By

contrast, toughening events are observed for the
MXene/M-MXene-modified VER composites, including
crack pinning, crack deflection, and debonding of
nanosheets [33]. River-like cracks and tadpole-shaped
“bright tails” can be observed on the fracture surfaces of
the MXene-modified VER shown in Fig. 9(a), which
mostly result from crack pinning and crack deflection
[34]. As the loading quantity of MXene nanosheets
increases, the number of cracks per unit area generally
increases, and the fracture surfaces exhibit layered cracks
(Fig. 9(c)), irregular cracks and microholes (Figs. 9(e)
and 9(g)).

The MXene-modified VER composites exhibit plastic
deformation features, such as irregular surface textures,
which shows the loading quantity of MXene nanosheets
is related to the resin toughness [35]. Figure 9(i) shows
the fracture features of VER composites containing an
excessive quantity of MXene nanosheets, which are
similar to those observed in Fig. 8. The M-MXene-
modified VER composites exhibit analogous fracture
features to those of the MXene-modified VER
composites. However, more river-like cracks can be
observed in Figs. 9(b) and 9(d) than in Fig. 8 because of
the enhanced interfacial adhesion between the modified
MXene nanosheets and the resin. VER modified with
0.04 wt % M-MXene exhibits apparent plastic deforma-
tion characteristics, such as stepped blunt edges and
irregular cracks. Figure 9 shows the toughening
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Fig. 7 Flexural strength of (a) the MXene modified VER composites and (b) the M-MXene modified VER composites and
(c) flexural modulus of the MXene/M-MXene modified VER composites.

Fig. 8 Representative SEM image of the failed compact tension
sample of the neat VER (a) in low magnification and (b) in high
magnification. Yellow arrow indicates the direction that crack
propagates.

mechanism for the resin by the MXene nanosheets is the
same as for the M-MXene nanosheets. More cracks are
observed in the fractographs of the resin samples
modified with M-MXene than those modified with
MXene.

A fractography analysis shows that crack pinning and
crack deflection (see Fig. 10) are the major mechanisms
by which the MXene nanosheets toughen VER. The
rough, river-like cracks and fracture surface with

tadpole-shaped features observed in Fig. 9 are consistent
with these mechanisms. The nanosheets block crack
propagation, forcing the crack to go around the
nanosheets and form an edge after crack pinning. In
addition, the crack path is deflected when a crack
encounters a nanosheet, such that irregular crack edges
are left around the nanosheets. Furthermore, debonding
features and microholes can be observed, which also
contribute to the toughness.

4 Conclusions

In this study, MXene nanosheets are used to modify
VER, and the 2D nanosheet/resin composites exhibit
superior fracture toughness without a significant
reduction in the elastic modulus compared to VER.
Moreover, MXene nanosheets functionalized with the
coupling agent Kh-560 (M-MXene) can further toughen
VER because the coupling agent enhances the interfacial
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Fig. 9 Representative SEM images of the failed compact tension
samples of the MXene modified resin samples with loading
amount of (a) 0.016 wt %, (c) 0.024 wt %, (e) 0.032 wt %,
(g) 0.040 wt %, (i) 0.048 wt % and M-MXene modified resin
samples with loading amount of (b) 0.016 wt %, (d) 0.024 wt %,
() 0.032 wt %, (h) 0.040 wt %, (j) 0.048 wt %. Yellow arrows
indicate the direction that crack propagates.

compatibility between MXene and VER. When the
loading quantity of nanosheets is 0.040 wt %, the
mechanical strength of the modified resin reaches a
maximum, where the tensile and flexural strengths are
89.1 MPa and 162.9 MPa, respectively, for MXene-
modified VER and 106.8 MPa and 201.54 MPa,
respectively, for M-MZXene-modified VER. Crack
pinning and crack deflection are found to be the main
toughening mechanisms in VER modified with MXene
and M-MXene. As the loading quantity of nanosheets
increases, additional plastic deformation features, such as
craze and microholes, are observed. This study provides a
strategy for improving the mechanical properties of VER,
while paving the way for the application of novel
materials, such as 2D nanosheets, to the resin
modification field.

Acknowledgments We gratefully acknowledge the fundings from the
National Natural Science Foundation of China (Grant Nos. 22022805,

1657

(@ Crack

>

Crack propagation direction

(b) MXene nanosheets

. om—
Crack deflection
Tearing of nanosheets

) Crazes

/_—{ ,‘-\!:S(

ﬁ Debonding of \ Crack pinning
nanosheets

Fig. 10 A brief schematic of possible mechanism that MXene
nanosheets toughens VER. (a) crack propagation path of neat

VER; (b) crack propagation path of MXene nanosheets modified
VER.

22078107), National Key Research and Development Program (Grant No.
2021YFB3802500), the Special Project for Science and Technology
Commissioner of Enterprise of Guangdong Province (Grant No.
GDKTP2021045700), the General Project of Department of Natural
Resources of Guangdong Province (Grant No. GDNRC[2021]47), the
Science & Technology Program of Qingyuan City (Grant No.
2021DZX026).

References

1. Arrieta J S, Richaud E, Fayolle B, Nizeyimana F. Thermal
oxidation of vinyl ester and unsaturated polyester resins. Polymer
Degradation & Stability, 2016, 129: 142-155

2. Kandola B K, Ebdon J R, Zhou C. Development of vinyl ester
resins with improved flame retardant properties for structural
marine applications. Reactive & Functional Polymers, 2018, 129:
111-122

3. Cano L, Builes D H, Tercjak A, Carrasco-Hernandez S, Gutierrez
J, Tercjak A. Quantitative nanomechanical property mapping of
epoxy thermosetting system modified with poly(ethylene oxide-b-
propylene oxide-b-ethylene oxide) triblock copolymer. Polymer
Testing, 2017, 57: 38-41

4. Liu X F, Luo X, Liu B W, Zhong HY, Guo D M, Yang R, Chen
L, Wang Y Z. Toughening epoxy resin using a liquid crystalline
elastomer for versatile application. ACS Applied Polymer
Materials, 2019, 1(9): 2291-2301

5. Januszewski R, Dutkiewicz M, Nowicki M, Szolyga M,
Kownacki 1. Synthesis and properties of epoxy resin modified
with novel reactive liquid rubber-based systems. Industrial &
Engineering Chemistry Research, 2021, 60(5): 2178-2186

6. Robinette E J, Ziaee S, Palmese G R. Toughening of vinyl ester
resin using butadiene-acrylonitrile rubber modifiers. Polymer,
2004, 45(18): 6143-6154



1658

20.

21.

Front. Chem. Sci. Eng. 2022, 16(11): 1651-1658

. Zhang D, Jia D, Huang X. Bisphenol—a epoxy resin reinforced

and toughened by hyperbranched epoxy resin. Frontiers of
Chemical Science and Engineering, 2007, 1(4): 349-354

. Francis R, Baby D K. Toughening of Epoxy Thermoset with

polystyrene-block-polyglycolic acid star copolymer:

nanostructure-mechanical property correlation. Industrial &
Engineering Chemistry Research, 2014, 53(46): 17945-17951

. QuCB,WuT, Huang G W, LiN,LiM, MaJ L, Liu Y, Xiao H

M. Improving cryogenic mechanical properties of carbon fiber
reinforced composites based on epoxy resin toughened by
hydroxyl-terminated  polyurethane. Part B:

Engineering, 2021, 210: 108569

Composites

. Goyat M S, Hooda A, Gupta T K, Kumar K, Halder S, Ghosh P

K, Dehiya B S. Role of non-functionalized oxide nanoparticles on
mechanical properties and toughening mechanisms of epoxy

nanocomposites. Ceramics International, 2021, 16(47):

22316-22344

. Yang J N, Xu Y X, Su C, Nie S B, Li Z Y. Synthesis of

hierarchical nanohybrid CNT@Ni-PS and its applications in
enhancing the tribological, curing and thermal properties of epoxy
nanocomposites. Frontiers of Chemical Science and Engineering,
2021, 15(5): 1281-1295

. Singh R P, Zhang M, Chan D. Toughening of a brittle

thermosetting polymer: effects of reinforcement particle size and
volume fraction. Journal of Materials Science, 2002, 37(4):
781-788

. Goyat M S, Rana S, Halder S, Ghosh P K. Facile fabrication of

epoxy-TiO, nanocomposites: a critical analysis of TiO, impact on
mechanical properties and toughening mechanisms. Ultrasonics
Sonochemistry. Ultrasonics Sonochemistry, 2018, 40: 861-873

. Yang J Y, Wang H X, Liu X H, Fu S Y, Song P G. A nano-

TiO,/regenerated cellulose biohybrid enables simultaneously
improved strength and toughness of solid epoxy resins.
Composites Science and Technology, 2021, 212: 108884

. Zhang M, Singh R P. Mechanical reinforcement of unsaturated

polyester by Al,O; nanoparticles. Materials Letters, 2004,
58(3—4): 408412

. Naguib M, Mochalin V N, Barsoum M W, Gogotsi Y. 25th

anniversary article: MXenes: a new family of two-dimensional
materials. Advanced Materials, 2014, 26(7): 992—-1005

. An B, Li M, Wang J, Li C. Shape/size controlling syntheses,

properties and applications of two-dimensional noble metal
nanocrystals. Frontiers of Chemical Science and Engineering,
2016, 10(3): 360-382

. Rafiee M A, Rafiee J, Srivastava I, Wang Z, Song HH, Yu Z Z,

Koratkar N. Fracture and fatigue in graphene nanocomposites.
Small, 2010, 6(2): 179-183

. He S Y, Petkovich N D, Liu K W, Qian Y Q, Macosko C W,

Stein A. Unsaturated polyester resin toughening with very low
loadings of GO derivatives. Polymer, 2017, 110: 149-157

Li T Q, He S Y, Stein A, Francis L F, Bates F S. Synergistic
toughening of epoxy modified by graphene and block copolymer
micelles. Macromolecules, 2016, 49(24): 9507-9520

He S'Y, Qian Y Q, Liu K W, Macosko C W, Stein A. Effects of
inorganic fillers on toughening of vinyl dster resins by modified
graphene oxide. Industrial & Engineering Chemistry Research,

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

2018, 57(13): 4592-4599

Wang W, Wei Y, Fan J, Cai J, Lu Z, Ding L, Wang H. Recent
of
composite membranes for separation applications. Frontiers of
Chemical Science and Engineering, 2021, 15(4): 793-819

Qu K, Huang K, Xu Z. Recent progress in the design and

progress two-dimensional nanosheet membranes and

fabrication of MXene-based membranes. Frontiers of Chemical
Science and Engineering, 2021, 15(4): 820-836

Dun M, Hao J, Wang W, Wang G, Cheng H. Sisal fiber
reinforced high density polyethylene pre-preg for potential
application in filament winding. Composites Part B: Engineering,
2019, 159: 369-377

Douaihy Z K, Telegeiev I, Nasrallah H, Lebedev O, Bazin P,
Vimont A, Chailan J F, Fahs A, EL-Roz M. EL-Roz M. Synthesis
of silica-polymer core-shell hybrid materials with enhanced
mechanical properties using a new bifunctional silane-based
photoinitiator ~as  coupling Materials
Communications, 2021, 27: 102248

Ahangaran F, Navarchian A H. Recent advances in chemical

agent. Today.

surface modification of metal oxide nanoparticles with silane
coupling agents: a review. Advances in Colloid and Interface
Science, 2020, 286: 102298

LuZ, WuY, Ding L, Wei Y Y, Wang H H. A lamellar MXene
(Ti;C,T,)/PSS composite membrane for fast and selective
lithium-ion separation. Angewandte Chemie International
Edition, 2021, 60(41): 22265-22269

Deng J J, Lu Z, Ding L, Li Z K, Wei Y Y, Caro J, Wang H H.
Fast electrophoretic preparation of large-area two-dimensional
titanium carbide membranes for ion
Engineering Journal, 2021, 408: 127806

Lu Z, Wei Y Y, Deng J J, Ding L, Li Z K, Wang H H. Self-

crosslinked MXene (Ti;C,T,) membranes with good antiswelling

sieving. Chemical

property for monovalent metal ion exclusion. ACS Nano, 2019,
13(9): 10535-10544

Ding L, LiLB,LiuY C, WuY, LuZ, Deng J J, Wei Y Y, Caro
J, Wang H H. Effective ion sieving with Ti;C,T, MXene
membranes for production of drinking water from seawater.
Nature Sustainability, 2020, 3(4): 296-302

Silverstein R M, Bassler G C, Morrill T C. Spectrometric
Identification of Organic Compounds. 4th ed. New York: John
Wiley & Sons, 1981

He SY, Qian Y Q, Liu K W, Macosko C W, Stein A. Modified-
graphene-oxide-containing styrene masterbatches for thermosets.
Industrial & Engineering Chemistry Research, 2017, 56(40):
11443-11450

Evora V M F, Shukla A. Fabrication, characterization, and
dynamic behavior of polyester/TiO, nanocomposites. Materials
Science and Engineering A, 2003, 361(1-2): 358-366

Tang L C, Zhang H, Sprenger S, Ye L, Zhang Z. Fracture
mechanisms of epoxy-based ternary composites filled with rigid-
soft particles. Composites Science and Technology, 2012, 72(5):
558-565

Liu T, Tjiu W C, Tong Y, He C, Goh S S, Chung T S.
Morphology and fracture behavior of intercalated epoxy/clay
nanocomposites. Journal of Applied Polymer Science, 2010,
94(3): 12361244



	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of the MXene nanosheets
	2.3 Synthesis of the modified MXene nanosheets
	2.4 Preparation of nanosheets/resin composite
	2.5 Characterization

	3 Results and discussion
	3.1 Structure analysis
	3.2 Mechanical properties of the MXene/M-MXene modified VER composites
	3.3 Fractography analysis

	4 Conclusions
	Acknowledgments
	References

