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Abstract: In this study, using selective etching method, MXenes (Ti;C,T) were prepared and were carefully characterized
by wide-angle X-ray diffraction, scanning electron microscopy and transmission electron microscopy. Obtained results
revealed the successful preparation of MXenes. After that, epoxy resin (EP)/MXenes composites containing 0.25-1 wt%
MXenes were prepared. Morphology study of the fractured surface of the samples revealed that the MXenes are finely
dispersed in the EP matrix; Curing kinetics study revealed that the addition of MXenes can effectively reduce the curing
characteristic temperatures of EP, promoting the curing process to proceed at lower temperatures. Among them, the curing
temperatures and curing rate of EP/MX1 with the addition of 1 wt% MXenes are highest and reaches the peak curing rate.
Moreover, the EP/MX1 exhibits the highest curing degree; Using Kissinger method, we found that MXenes significantly
reduced the reaction activation energy (£,) of EP. Within the scope of this study, the amount of MXenes added is directly
proportional to the degree of reduction in E,. Compared to pure EP, 52687 J/mol decreased to 40503 J/mol, a decrease
of 23.8%; The Ozawa method calculation results show that under the same degree of conversion, the apparent £, of EP/
MX1 is the lowest. The influence of MXenes on the curing behavior of EP was discussed, related mechanism was pro-
posed. Moreover, results of dynamic mechanical analysis (DMA) revealed that the glass transition temperature increases
gradually with the increase of the MXenes content, indicating that the presence of MXenes promotes the crosslinking of EP.
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Introduction

Epoxy resin (EP), as a thermosetting resin with high perfor-
mance, has excellent heat resistance, chemical stability, electrical
performance, adhesion and processing performance, which is
widely applied in adhesives, coatings, engineering materials.'?
High cross-linking density can bring advantages such as high
modulus and excellent thermal performance to epoxy resin.”
However, after curing process, the linear molecules formed
cross-linking network structure, which limits the movement of
molecular chains, resulting in the disadvantages such as high
brittleness and poor fracture toughness,** and limited dielectric
properties, which greatly limits its development in some fields.’
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By doping nanoparticles to prepare EP composites with high-
performance, EP is optimized in terms of mechanical and dielec-
tric properties,*” and endowed with new properties such as high
thermal conductivity, high conductivity, and electromagnetic
shielding performance,® further meeting the strict requirements
of various fields of application.”'°

Nanoparticles usually have large specific surface area, excel-
lent toughness and strength, as well as high conductivity and
thermal conductivity.""" Due to their large specific surface area,
their surface functional groups can react with EP to form a cross-
linked network, thereby improving the performance of com-
posite materials.'"*'® Nanoparticles mainly include inorganic

17,18 1922 ot

nanometallic oxides, carbon based nanoparticles,
The impacts of nanoparticles on EP are quite complex, i.e., the
concentration, type, morphology, and size of the nanocompos-
ites all have impacts on the performance of composite mate-

rials.®** Many researchers have conducted extensive research
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on this topic.”®
Inorganic nano metal oxides mainly include TiO,, AlO;,

MXenes, etc. Bazrgari et al*

used ultrasonic stirring to uni-
formly disperse Al,O; into EP, and improved the bending strength
and impact strength of the EP. In addition, adding Al,O;
nanoparticles at lower concentrations significantly reduced the
wear rate and friction coefficient of the epoxy resin matrix.
Zhang et al* doped EP with a hybrid filler composed of
modified Al,O; and modified sulfite (ATP) inorganic materials,
enhancing the mechanical, dynamic mechanical, and dielectric

properties of EP composite materials. Zhao et al.*®

successfully
prepared n-octadecane@TiO, particles in oil in water solution
by sol-gel method, and added the obtained core-shell particles
into EP to prepare EP composites. Compared with pure EP and
TiO, doped EP, its wear rate and friction coefficient decreased.
Dong et al® reviewed the properties of several 2D materials
and the methods of compositing 2D materials with EP, mainly
focusing on the regulation methods to improve the dispersion
of 2D materials in epoxy resins and the interfacial interaction
of 2D materials with epoxy resins; Han ef al.** comparatively
studied the effect of two types of 2D nanofillers, boron nitride
sheets and graphene platelets, on the mechanical properties and
thermal conductivity of epoxy resin. They emphasized the impor-
tance of adding low dosage of thin nanosheets (thickness 3—
5nm) to prepare EP composites with desired mechanical and
thermal properties.

MXenes, being a 2D inorganic metal oxide, are composed of
transition metal carbides, nitrides, or carbonitrides in the size
of several atomic layer thicknesses.'® MXenes are obtained by
MAX phase treatment,”’ and the specific molecular formula of
MAX phase is M,,14X, (n=1, 2 or 3), where M represents the
transition metals of the previous groups, A corresponds the main
group elements, while X is the C and/or N elements. There exists
strong bonding energy between M and X, while A has active
chemical activity, therefore, A can be removed from the MAX
phase through etching, resulting in the 2D structure of MXenes.™

MXenes have the mixed properties of metal/covalent/ion in
M-X bonds, and introduce surface functional groups (-F, -O,
-OH) through acid etching.”® They have outstanding advantages
such as good conductivity, outstanding mechanical properties,
adjustable bandgap, high volume capacitance, strong hydro-
philicity, and high thermal conductivity.'®* Therefore, they can
be applied in many fields such as energy storage, microwave
absorption, catalysts, sensors, and biomedicine, '8?%*!3%3

Sliozberg et al”® used theoretical simulations to study the
binding energy and micro fracture mechanism of EP/MXenes

composites under uniaxial tension. Then, they prepared EP/
MXenes composites and studied their structure and fracture sur-
face, verifying the correctness of the simulation results.

Chen et al."® performed ion intercalation and ultrasound assis-
tance, followed by thermal reduction at medium and low tem-
peratures to prepare MXenes, and then prepared EP/MXenes
composites for electromagnetic interference shielding using
solution casting method; Cabanelas ef al.** summarized the lat-
est development progress of EP/MXenes composites and the
contribution of MXenes nanofillers to the enhancement per-
formance of EP, particularly discussing their applications in
protective coatings, electromagnetic interference shielding, and
composite materials. Finally, the remaining challenges in this
field were discussed; Wu et al.*® reported a simple method for
synthesizing Ti;C,T, MXenes nanosheets and the preparation
method for a novel conductive adhesive based on EP matrix;
Zhou et al*® used acid-etching method to prepare Ti;C,T, and
bimetallic MXenes (Mo,Ti,C;Ty) and then introduced them
into EP for the comparative investigation of their flame-retar-
dant effect. The results revealed that MXenes were finely dis-
persed in EP matrix, which can contribute to the improvements
of thermal and flame retardant properties of EP composites.

In summary, EP/MXenes composites can endow EP with
excellent comprehensive properties, which have been studied
by some scholars. However, the performance of EP composites
depends not only on the structure and performance of EP, curing
agents, and additives, but also on its molding and curing process.
The structure and properties of cured products obtained from
the same formula under different curing process parameters and
procedures have significant differences, so the study of curing
kinetics is crucial. However, there is currently little research on
the impact of curing kinetics on EP/MXenes composite mate-
rials, and no one has reported the mechanism of action of
MXenes at different concentrations on EP curing kinetics. This
study firstly prepared MXenes and characterized its micro-
structure. Then, a series of EP/MXenes composite materials
were prepared, and their curing kinetics were thoroughly stud-
ied. The mechanisms of MXenes and its concentrations on the
curing behavior and curing kinetics of EP/MXenes composites
were explored.

Experimental
Materials and Sample Preparation. Materials: Epoxy resin

(EP), Bisphenol A type, tradename E51, was provided by Deyuan
Chemical Corp., Beijing, China; Amine curing agent JH-0422,
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was provided by Changshu Jiafa Chemical Corp. Beijing, China;
The Ti;AlC, MAX-phase powder (99% purity), was provided
by 11 Technology Co. Ltd. (Beijing, China); Lithium fluoride
(LiF, 99% purity) was provided by Aladdin Bio-Chem Tech-
nology Co. Ltd. (Shanghai, China); Concentrated hydrochloric
acid (HCI, 37 wt%) was provided by Chengdu Kelong Chem-
ical Reagent Factory (Chengdu, China).

Preparation of MXenes (Ti;C,T,): This work used HCI
and LiF to form HF and selectively etch Ti;AlC,, based on pre-
vious studies.'®**" Firstly, LiF was dissolved in dilute HCI (6M)
under magnetic stirring for 10 min. Then, Ti;AlC, powder was
slowly added within 10 min to avoid any possible overheating
caused by the reaction. Then, the solution was heated under mag-
netic stirring at 40 C for 24 hours. When the etching was
completed, solution was centrifuged at 8000 rpm for 10 min,
and then it was washed with distilled water. The washing pro-
cess was repeated to remove residual reaction products until
the pH of the supernatant was approximately 7. Then distilled
water was added to the sediment and it was placed in ice water
bath, followed by 2 h of ultrasonic treatment and centrifuga-
tion. Finally, the obtained suspension was dried under vacuum.

Preparation of EP/MXenes Composites: Firstly, certain
amount of MXenes was added to 500 mL of ethanol in a bea-
ker and sonicated for 2 h to obtain MXenes dispersion. Sub-
sequently, 5g EP was added into MXenes dispersion and
sonicated for 2 h at 25 C. Then, the solution was heated with
90 C oil bath and stirred for 12 h to evaporate ethanol. After
that, it was vacuum dried for 2 h in 90 C vacuum oven to
remove residual ethanol.*® Finally, the curing agent (20 wt% of
the epoxy prepolymer) was added and stirred until a uniform
EP/MXenes composites were obtained. Using this method, pure
EP and EP/MXenes composite materials were prepared. The
concentrations of MXenes are 0.25, 0.5, 0.75, and 1 wt%, and
the resulting composites are named as EP/MX0.25, EP/MXO0.5,
EP/MXO0.75, and EP/MX1, respectively.

Characterizations. Wide-angle X-ray Diffraction (WAXD):
The WAXD patterns of MXenes were measured using Ultima
IV diffractor (Rigaku Co., Japan). The radiation Cuk,, the
wavelength 4 =0.154 nm, the scanning range 26 was 5-60°
and the scanning rate was 2°/min.

Scanning Electron Microscopy (SEM): Morphologies of
MXenes were observed using SEM (Nova Nano SEM 450,
USA), and the accelerating voltage was 3 kV.*7*®

Transmission Electron Microscopy (TEM): TEM observa-
tion was performed on MXenes by Tecnai G2 F20 (FEI, Hill-
sborough, Oregon, USA). The sample was firstly dispersed in
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ethanol and then deposited on a copper grid. Measurement was
performed under the accelerating voltage of 200 kV.**!

Differential Scanning Calorimetry (DSC): DSC was per-
formed by METTLER TOLEDO DSC3+ (Mettler Toledo Corp.,
Zurich, Switzerland). The DSC equipment was firstly calibrated
with indium and zinc standards.*** The samples (about 3 mg)
were added to aluminum pans, and the curing kinetics mea-
surement was performed in N, atmosphere with the heating
rates of 5 C/min, 10 C/min, 15 C/min and 20 C/min, from
room temperature to 300 C.**

Dynamic Mechanical Analysis (DMA): The dynamic
mechanical properties of the samples were tested using DMA
Q800 (TA Instruments, USA) in a single cantilever beam mode.
The testing frequency was 1 Hz, the heating rate was 3 C/min,
the testing temperature was 0-120 C, the applied amplitude
was 10 um, and the sample size was 20 x 10 x 4 mm’.

Results and Discussions

Characterization of MXenes. WAXD Measurement WAXD
was conducted to elucidate the structure and morphology of
the Ti;C,T, powder, as shown in Figure 1. After etching, the
sharp (002) diffraction peak of the filler changes from 26 =
9.6° to 26 = 6.4°, indicating a significant increase in interlayer
distance. Moreover, the peak at 26 =38.9° refers to strongest
(104) peak of Ti;AlC, also disappears, which indicates that the
Al layer has been removed, resulting in a transition from Ti;AlC,
to Ti;C,T,.

SEM Observation: The morphology of Ti;AlC, and Ti;C,T,
was investigated using SEM as shown in Figure 2. Ti;AlC,
exhibits a tightly stacked dense layered structure, which is often
seen in ternary carbides. After etching process, the thin layers
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Figure 1. WAXD results of Ti;AlC, and Ti;C,T,.
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Figure 3. (a) TEM image of Ti;C,T, dispersed in distilled water; (b) digital photos of Ti;C,T, dispersion.

of Ti;C, T, are weakly stacked, and the interlayer distance increases,
revealing accordion like morphology, which is in accord with
the results of WAXD, which might be due to the exothermic
reaction between HF and Al resulting in the escape of gases
such as H, during the etching process.

TEM Observation: In order to further investigate the dis-
persibility of Ti;C,T,, it was dispersed in distilled water and
then subjected to TEM test. The results obtained are shown in
Figure 3(a). Ti;C,Ty has a single sheet structure in distilled
water, with a transverse size of about a few hundred nanome-
ters in a thin sheet structure. Figure 3b shows a photo of Ti;C,T,
dispersed in distilled water. The diluted Ti;C,T, dispersion

{4647

appears light green and exhibits the Tyndall effec proving
that it is nano dispersed in distilled water.

Curing Behavior Investigation. To elucidate the influence
of MXenes on the curing behavior of EP, we prepared EP/
MXenes composites. The addition amounts of MXenes are
respectively 0.25, 0.5, 0.75 and 1 wt%. For the convenience of
discussion, the above samples are named MXO0.25, MX0.5,
MX0.75, and MX1 respectively.

In order to obtain the dispersion of MXenes in EP matrix,
the samples were soaked in liquid nitrogen for sufficient time,
then, they were used to obtain the fracture surface for SEM
observation. The SEM results obtained are shown in Figure 4.

From Figure 4(a), it can be seen that the cross-section of
pure EP is relatively flat. After adding 0.25 wt% MXenes, a few
short cracks with a length of approximately 1-8 um appeared
on the cross-section of EP/MX0.25 in Figure 4(b), which might
be evidence of MXene finely distributed in EP; For EP/MXO0.5
in Figure 4(c), due to the increase in MXenes content, it can be
seen that the number of cracks increases (as shown by the dot-
ted circle in the figure), and their dispersion is relatively uni-
form, reflecting the good dispersion of MXenes in EP matrix.
Interestingly, these cracks are connected to relatively long strip
structures arranged parallel to each other. This might be cracks
in the EP matrix caused by stress during fracturing; With the
further increase of MXenes content (Figure 4(d)), the cross-
section of EP becomes no longer flat, which might indicate that
the addition of 0.75 wt% and more MXenes changed the frac-
tured surface morphology of EP. The uniformity of the fractured
morphology of EP is good, reflecting the good dispersion of
MXene. The possible locations of MXene are also marked with
dashed circles. It can be seen that the distribution of MXenes
is relatively uniform. For EP/MX1 (Figure 4(e)), the cracks and
grooves become smaller and have better uniformity. This might
be due to the addition of higher content MXenes, which change
the stress distribution and transmission during EP fracturing,
leading to an increase in the regions involved in deformation
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Figure 4. SEM images of the fractured surface of (a) pure EP; (b) EP/MXO0.25; (c) EP/MXO.5; (d) EP/MXO0.75; (¢) EP/MX1.

and energy transmission. The possible locations of MXenes are
also marked with dashed circles. Based on these positions and the
uniformity of the cross-sectional morphology, it can be con-
cluded that the dispersion of MXenes is good.

The DSC study was used to investigate the curing behavior
of neat EP and EP/MXenes composites. Figure 5 shows DSC
curves of EP and EP/MXenes composites at heating rates of 5-
20 C/min. From this, the curing initial temperature (7;), peak
temperature of curing (7,) and end temperature of curing (T;)
of EP and EP/MXenes composites at different heating rates
can also be obtained.

From Figure 5, it can be seen that for each sample, the total
enthalpy gradually increases in the early stages of the curing
reaction and gradually decreases after reaching the peak tem-
perature. At the same time, after the addition of MXenes, the
curing characteristic temperatures (initial curing temperature
T, curing peak temperature 7,, curing termination temperature
T.) of EP significantly decreased, and the higher the concen-
tration of MXenes added, the more significant the decrease in
the above parameters. The reason may be that the surface of
MXenes is rich in different types of functional groups, includ-
ing hydroxyl groups, amino groups, etc., which have similar
catalytic effects to -OH formed during the EP curing process.
They may react with other functional groups such as C-O-C to
generate self-catalysis, which is conducive to the curing chem-
ical reaction between amine curing agents and EP.

The characteristic temperature fitting results obtained from

Z2H, A|4998 A5, 20253

the DSC curves are shown in Figure 6. The results in Figure 6
indicate that there are also differences in the characteristic tem-
peratures of EP/MXenes composites at different heating rates
(). The T-f extrapolation method for curing EP/MXenes com-
posites is a differential scanning calorimetry test conducted on
EP/MXenes composites at different heating rates. By analyz-
ing the relationship between the peak temperature of the curing
reaction and the heating rate, the theoretical curing reaction
temperature at infinite slow heating is extrapolated to deter-
mine the optimal curing temperature. This provides an import-
ant basis for the formulation of EP/MXenes composites curing
processes, research on curing kinetics, and evaluation of curing
degree. Adopting T-f extrapolation method, we can obtain the
characteristic temperatures when the heating rate (5) approaches
0 C/min based on the intercept of the fitted curve, and then
roughly determine the curing process parameters of various
EP/MXenes composites. The obtained characteristic tempera-
tures include the initial curing temperature (7}), curing peak
temperature (7,), and curing end temperature (7,) and total
enthalpy are shown in Table 1. From Table 1, after adding MXenes,
the various characteristic temperature values of EP/MXenes
composites will decrease, and the higher the concentration of
MXenes added, the greater the decrease in the above charac-
teristic temperature values. Moreover, the total enthalpy grad-
ually increases with the increase of MXene content, indicating
that the presence of MXene makes more fractions of EP takes part
in the curing process. This is consistent with the results in Figure 5.



Preparation of MXenes/epoxy Composites and Curing Kinetics Study 541

=
m
LL

(b)| EP/MX0.25

- Endo
'
¥
/
\
\
~ Endo
/
/
\

Exo=
|
|
Exo=

= =

(] £

Z 5°C/min z 5°C/min

E [——10°C/min = |——10°C/min

E |—— 15°C/min % | 15°C/min

= 20°C/min = |——20°C/min

50 100 150 200 250 50 100 150 200 250
Temperature (°C) Temperature (°C)
(c)| EP/MX0.5 (d) EP/MX0.75
B e i o o
e :E —h.th < g e
: S

}
%
\

= 2
£ £
£ |—— 5°C/min z 5°C/min
= |[——10°C/min = |—— 10°C/min
g [—— 15°C/min 5 |—— 15°C/min
= |——20°C/min = |——20°C/min
" 1 1 i il " 1 1 L 1 L
S0 100 150 200 150 =0 100 150 200 250
Temperature (°C) Temperature (“C)
(e)| EP/MX1
=]
-
i S ]
= = s
I H‘““m___ __,_.-""_-
! w
# ——
—

5°C/min
—— 10°C/min
——— 15°C/min
—_— 2[I°(‘fmlin

Heat Flow/mW

I i . 1
50 100 150 200 250

Temperature ("C)

Figure 5. DSC heating curves of (a) EP; (b) EP/MX0.25; (c) EP/MXO0.5; (d) EP/MX0.75; (e) EP/MX1 at different heating rates.

Curing Conversion Degree and Curing Rate Study. temperature, indicating that the EP system has self-catalytic
Figure 7(a) shows conversion degree (reaction degree, o) of characteristic,” and the addition of MXenes does not com-
EP and EP/MXenes composites at 5 ‘C/min heating rate. The pletely change the mechanism of EP curing reaction; At the same
result shows that the conversion degree a of all the samples curing temperature, the higher the concentration of MXenes,

exhibits a typical S-shaped curve with the increase of curing the higher the degree of curing. The addition of high content
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Table 1. T, T,, T. and Total Enthalpy Values for EP, EP/MX0.25, EP/MX0.5, EP/MX0.75 and EP/MX1 Obtained by Calculating the

Intercept Through T-# Extrapolation

Sample Name EP EP/MX0.25 EP/MX0.5 EP/MX0.75 EP/MX1
T.(C) 90 86 75 73 71
T,(C) 148 135 128 122 120
T.(C) 203 192 184 182 178

Total enthalpy (J/g) 86.3 93.4 99.1 101.4 102.6

MXenes further promoted the curing process of EP within the
scope of this study.

In order to further explore the relationship between the cur-
ing rate and curing temperature of the above samples, math-
ematical differentiation was performed on the curve in Figure
7(a) to obtain the T-do/dT of the samples, as shown in Figure
7(b).

From Figure 7(b), it can be seen that for all samples, the cur-
ing rate shows an increasing trend as the temperature increases

Za)v, A)4978 A535, 20254

during the initial curing stage. In this stage, EP/MX1 exhibits
the highest curing speed, which reaches peak curing rate at the
earliest. This is because the MXenes concentration of EP/MX1
is the highest, and it can be well dispersed in the EP matrix, thus
participating more fully in the curing process of EP, forming a
stronger cross-linking network structure, and can end the curing
reaction faster. For other samples with low MXenes addition,
the curing rate actually decreases, and the temperature at which
the curing rate peak is reached is also more delayed. At later
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curing stage, as crosslinking reaction progresses, the viscosity
gradually becomes larger, and the curing speed becomes slow
gradually.

Calculation of Curing Activation Energy. In order to
investigate the catalytic behavior of MXenes during EP curing,
the Kissinger method was applied to calculate and compare the
activation energy of curing reaction £, of neat EP and EP/MX
composite materials.** The Kissinger method formula is
shown below:

AxR\ E, 1
ln(ﬁj = ln( )—-—ax —
Ts E, R'T,

(M

The activation energy E, can be calculated based on the
slope of In(8/T,)-1/T,,. Figure 8 shows the fitted lines obtained
based on this, and Table 2 shows the curing activation energy
E, of pure EP and EP/MX composites calculated using the
Kissinger method. From Table 2, it can be seen that after adding
various concentrations of MXenes, the E, of EP will decrease.
Among them, the E, of EP/MX1 decreased from 52687 J/mol
of pure EP to 40503 J/mol, a decrease of about 20%, indicating
that the addition of MXenes has a significant promoting effect
on EP curing. Moreover, after adding only 0.5 wt% MXenes,
the E, of EP/MXO0.5 is found to be 45234 J/mol, indicating that

92t % EP
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v EP/MX0.75
96 | EP/MX1
o o8
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104 F +
"
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Figure 8. Kissinger plots of In(8/T;%) versus 1/T, of EP, EP/MX0.25,
EP/MXO0.5, EP/MX0.75 and EP/MXI.

reaction activation energy E, may change significantly as the
reaction progresses. By exploring the changes in E,, the main
controlling factors at different stages of the curing reaction can
be identified, which can provide a deeper understanding of the
curing mechanism of the EP system and provide theoretical
guidance for the study of curing kinetics. The Ozawa method can

EP/MXO0.5 is very efficient in accelerating the curing of EP. be used to calculate E, at different conversion degree a:*"**
I.t is known that for EP, its curir.lg rea'ction mechanism o'f is dlin(p)] _ Los2 E, )
quite complex, and throughout entire curing process, the curing m CCR @)

Table 2. E, of EP, EP/MXO0.25, EP/MXO0.5, EP/MX0.75 and EP/MX1
Sample Name EP EP/MXO0.25 EP/MXO0.5 EP/MXO0.75 EP/MX1
E, (J/mol) 52687 50597 45234 42667 40503
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Figure 9. Fitting plots of Inf versus 1000/7 of EP, EP/MX0.25, EP/MXO0.5, EP/MXO0.75 and EP/MX1.
At the heating rates of 5 C/min, 10 C/min, 15 C/min, and EP/MXO0.5, EP/MX0.75, and EP/MX1 can be seen in Figure 9.

20 “C/min, when the conversion degrees are 10, 20, 30, 40, 50, From the slopes of each fitted line in Figure 9, F, at different
60, 70, 80, and 90%, the Inf-1000/T curves of EP, EP/MXO0.25, conversion degrees are therefore calculated, as can be seen
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Figure 10. Changes in E, of EP, EP/MX0.25, EP/MXO0.5, EP/MX0.75
and EP/MX1 curing as a function of conversion degree «.

from Figure 10.

From Figure 10, the apparent E, of EP increases with the
increase of conversion degree. This is because: at the beginning
stage of curing process, the curing process mainly takes place
in the form of chemical reactions between each components.
Both EP and EP/MXenes have plenty of reactive groups, which
makes chemical reactions occur easily with lower apparent E,.
However, as the curing chemical reaction progresses, the vis-
cosity of the mixture gradually increases, and reactive groups
are consumed gradually at the same time. This leads to the
solidification reaction gradually being determined by the vis-
cosity of the system, i.e., the diffusion rate of molecules in the
system. With the increase of viscosity, the difficulty of reaction
molecule movement is enhanced, resulting in a gradual increase
in apparent E,.

At the same conversion degree, regardless of the concentra-
tion of MXenes added, the apparent E, of EP will decrease.
The higher the concentration of MXenes, the higher the degree
of decrease in apparent E,. However, overall, when the amount
of MXenes added reaches 0.5 wt%, the decrease in apparent E,
is already quite significant. Further increasing the concentra-
tion of MXenes resulted in a lower decrease in apparent E,.

To obtain further understanding, 7, values of the samples
were measured by DMA, the obtained tand curves of the sam-
ples were shown in Figure 11. The 7, values were marked in
the figure as well. It can be seen that after adding MXenes, the
T, value of the samples increases gradually with the increase of
the MXenes content, which might indicate that the presence of
MXenes promotes the crosslinking of EP.

1.5 = EP

: 91.7°C

- EP/MX0.25 88.6°C :

«  EP/MX0.5 100.8"C
1.2+ EP/MX0.75 o

EP/MX1

0.9

Tan &

0.6

0.3

0.0 L .
50 60 70 80 90 100 110

Temperature (°C)

Figure 11. Variation of tand as a function of temperature of EP and
EP/MXenes composites measured by DMA.

Conclusions

In this study, MXenes (Ti;C,T,) were prepared using selec-
tive etching method. Its structure was carefully characterized
by means of WAXD, SEM and TEM. Results revealed the suc-
cessful synthesis of MXenes. After that, EP/MXenes compos-
ites containing 0.25-1 wt% MXenes were successfully prepared.
SEM results of the fractured surface of the samples revealed
that the MXenes are finely dispersed in the EP matrix. The cur-
ing behavior and related mechanism of EP/MXenes compos-
ites were carefully investigated. Results revealed that the addition
of MXenes can effectively reduce the curing characteristic
temperatures of EP, promoting the curing process to proceed at
lower temperatures. Among them, the curing temperatures of
EP/MXO0.5 with the addition of 0.5 wt% MXenes have signifi-
cantly decreased, and the curing rate of EP/MX1 with the addi-
tion of 1 wt% MXenes is the fastest and reaches the peak curing
rate. Moreover, the curing degree of EP/MX1 is the highest;
The Kissinger model results showed that the presence of MXenes
significantly reduced the activation energy of EP curing reaction
(E.,). Within this study, the amount of MXenes added is directly
proportional to the degree of reduction in E,. Compared to pure
EP, 52687 J/mol decreased to 40503 J/mol, a decrease of 23.8%;
The Ozawa method calculation results show that under the same
degree of conversion, the apparent £, of EP/MX1 is the lowest,
but the addition of MXenes does not significantly change the
curing behavior of EP. Moreover, results of DMA revealed that
the glass transition temperature increases gradually with the
increase of the MXenes content, indicating that the presence of
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MXenes promotes the crosslinking of EP. The influence of

MXenes on the curing behavior of EP was discussed, related

mechanism was proposed.
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