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ABSTRACT: In the present study, carbon nanotubes (CNTs) wrapped with MoS2 nanolayers (MoS2−CNTs) were facilely
synthesized to obtain advanced hybrids. The structure of the MoS2−CNT hybrids was characterized by X-ray diffraction, Raman
spectroscopy, scanning electron microscopy, and transmission electron microscopy measurements. Subsequently, the MoS2−
CNT hybrids were incorporated into EP for reducing fire hazards. Compared with pristine CNTs, MoS2−CNT hybrids showed
good dispersion in EP matrix and no obvious aggregation of CNTs was observed. The obtained nanocomposites exhibited
significant improvements in thermal properties, flame retardancy and mechanical properties, compared with those of neat EP and
composites with a single CNT or MoS2. With the incorporation of 2.0 wt % of MoS2−CNT hybrids, the char residues and glass
transition temperature (Tg) of the EP composite was significantly increased. Also, the addition of MoS2−CNT hybrids awarded
excellent fire resistance to the EP matrix, which was evidenced by the significantly reduced peak heat release rate and total heat
release. Moreover, the amount of organic volatiles from EP decomposition was obviously decreased, and the formation of toxic
CO was effectively suppressed, implying the toxicity of the volatiles was reduced and smoke production was obviously
suppressed. The dramatically reduced fire hazards were generally ascribed to the synergistic effect of MoS2 and CNTs, containing
good dispersion of MoS2−CNT hybrids, catalytic char function of MoS2 nanolayers, and physical barrier effects of MoS2
nanolayers and CNT network structure.
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1. INTRODUCTION

EP is one of the most important thermoset polymers, which are
widely used in the fields of adhesive, coating, potting,
electronic/electrical insulation, and composite applications,
because of its outstanding mechanical stiffness and toughness,
good solvent and chemical resistance, excellent thermal and
mechanical stabilities, and superior adhesion.1−3 However, the
numerous advantages of EP resins could not cover up one of
the major drawbacks: its inherent flammability and high yield of
toxic smoke during combustion, which restricts its application
in many fields for safety consideration. Thus, it is valuable to
promote the thermal stability and reduce the fire hazards of EP
composites. Many approaches have been exploited to improve
the fire resistance of EP. In previous work, EP had been

endowed with excellent fire resistance by incorporating
halogen-containing flame retardants. However, the addition of
halogenated flame retardants will produce toxic and corrosive
gases during combustion, which is adverse to the environments
and human health.4 Therefore, it is of great significance to
develop halogen-free flame retardants that can reduce the fire
hazards of the EP composites effectively.
Recently, nanoparticles such as nanoclay, carbon nanotube,

carbon nanofiber, graphene and polyhedral oligomeric
silsesquioxanes have drawn intensive interest and are
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considered to be potential fillers for improving flame retardancy
and other physical properties simultaneously at low loading.5,6

Because of the superior structural, conductivity, mechanical,
and thermal properties, carbon nanotubes (CNTs) show great
potential in various applications ranging from nanodevices to
nanocomposites.7 CNTs have been proved to be advanced
multifunctional fillers in polymer-based nanocomposites. In
recent works, the role of CNTs in the improvement of thermal
stability and flame resistance of polymer matrices had become
one of the hot topics. The improved flame resistance was
ascribed to the formation of a continuous, free-standing
nanotube network-structured protective layer which can act
as a thermal shield to prevent energy feedback from the flame.8

In general, the CNTs have shown more promising thermal and
fire resistance properties in thermoplastics such as EVA, PS,
PMMA, PA-6, LDPE, and PP.8−13 In the case of brittle
thermosetting polymers, such as epoxy, the improvement in
flame retardancy properties using CNTs has been shown to be
limited. To the best of our knowledge, previous works on EP/
CNTs composites mainly concentrated on mechanical and
electrical performances of the composites,14−16 and rarely
involved the research of thermal and flame retardant perform-
ance.4,17

Generally speaking, the flame retardancy efficiency of the
CNTs is closely linked to its dispersibility in the polymeric
matrix, which is the key factor to regulating the network
structure and the consequent barrier effect against flame.8

However, to obtain a complete network, good dispersion and
strong interfacial interaction between the CNTs and polymer
matrices have to be considered, but actually, the uniform
dispersion of CNTs in polymer matrix is not easy to obtain
because of the insolubility of CNTs and the inherently poor
compatibility between CNTs and polymer matrices, the
agglomeration and entanglement of CNTs owing to strong
van der Waals forces and π−π interactions, which limited the
enhance effect of CNTs in polymer nanocomposites.18,19 These
obstacles can be ruled out by oxidation or covalent
functionalization, or introduction of active chemical additives
and other nanoparticles on the surface of CNTs.20 For instance,
HDPE coated MWCNTs exhibit homogeneous dispersion in
EVA and result in a decrease of the PHRR.9 Fang et al. has
successfully prepared intumescent flame retardant grafted
CNTs, which show good dispersion and fire resistance in
ABS resin.7 In addition, a new strategy has been proposed in
recent work, which involves the addition of another kind of
nanofiller play a role in synergy with CNTs, the incorporation
of additional nanofiller can not only promote the formation of
CNTs conductive network but also provide the other novel
performances to polymer matrices. For example, it has
indicated that introduction of MMT may improve the
dispersity of MWCNTs in different media and the presence
of clay promotes dispersity of MWCNTs, which is conducive to
enhance electrophysical, mechanical, rheological, and thermal
properties of different composites.21−25 Fang et al. has shown
that the combination of C60 and CNTs not only led to good
dispersion of CNTs, but also resulted in excellent synergistic
effects in the thermal, mechanical properties, and fire resistance
of polypropylene.26

Another famous nanostructural material, which has been
widely used in various applications, is layered MoS2. Compared
with 1D CNTs, layered MoS2 is one kind of 2D nanomaterials
which has been intensively studied as nanofillers for prepration
of polymer nanocomposites in the past few years.27−34 In our

previous work, the incorporation of MoS2 can improve the
thermal stability and flame retardancy of the polymer matrices
such as PVA, PS, and PMMA,28−34 but the efficiency still needs
to be optimized. For both 1D and 2D nanofillers, homogeneous
dispersion and strong interfacial interactions with the polymer
matrix are the most important issue which can maintain the
intrinsic properties of nanofillers.19,35 A large amount of
research works have been focused on functionalization and
dispersion of CNTs36,37 and MoS2

32,38,39 in different polymer
matrix. In recent work, polymer nanocomposites based on
nanohybrids that comprise two or more kinds of nanofillers
have attracted intensive attention, because of their effective
enhancement effects on mechanical, electrical, and thermal
conductivity properties of the composites.40,41 The realization
of previous hybrids of C60 and graphene42 provided us a novel
route to decorate layered MoS2 on the surface of CNTs, the
deposited MoS2 nanolayers can suppress the agglomeration of
CNTs in the nanohybrids. Furthermore, synergistic effects
between CNTs and MoS2 can be anticipated to have potential
applications in improvement of the dispersibility, thermal,
mechanical properties and reducing fire hazards of EP
composites. To the best of our knowledge, the previous
works are mainly focused on investigate the electrochemical
performances of the MoS2−CNT hybrids,43−46 and no reports
about the combination of MoS2 and CNTs for reducing the
flammability of polymers have been published since the
discovery of CNTs and MoS2.
In this paper, we designed a novel route to decorate MoS2 on

the surface of CNTs to form a new interface between epoxy
and CNTs, the deposited MoS2 nanolayers can suppress the
agglomeration of CNTs, which can improve the dispersibility of
CNTs in epoxy matrices. In addition, the incorporation of
MoS2−CNTs nanohybrids results in significant improvements
in char formation, thermal properties, flame retardancy, and
mechanical properties, compared with those of neat EP and
composites with a single CNTs, MoS2 or mixture of CNTs and
MoS2. Moreover, the amount of releasing organic volatiles from
EP decomposition was dramatically decreased, and the
formation of toxic CO was effectively suppressed, implying
the toxicity of the volatiles was reduced and smoke production
was obviously suppressed. In the end, a novel combined flame
retardant mechanism had been proposed.

2. EXPERIMENTAL SECTION
The concentrated sulfuric acid, nitric acid, Na2MoO4·2H2O (AR), L-
cysteine (AR), curing agent (DDM, AR), and NaOH (AR) were
obtained from the Sinopharm Chemical Reagent Co., Ltd. Bisphenol-
A type EP was purchased from shixian Chemical Industry Co., Ltd.
The MWCNTs (degree of purity >95%) were obtained from Beijing
DK Nano technology Co., Ltd.

2.1. Preparation of MoS2−CNTs Hybrids. The MWCNTs were
first modified with concentrated sulfuric acid and nitric acid (3:1 by
volume) at 60 °C for 4 h and then the MoS2−CNT hybrids were
prepared as follows:43 first, 0.4 g of acid treatment CNTs was
ultrasonic dispersed in 300 mL of distilled water for 1 h. Then 1.2 g of
Na2MoO4·2H2O was dissolved in 20 mL of deionized water and then
incorporated into the suspension of CNTs. After adjusting the pH
value to 6.0 with 0.1 M NaOH, 3.2 g of L-cysteine was dissolved in 30
mL of distilled water and then introduced. The resultant mixture was
diluted with distilled water to 400 mL and violently stirred with a
speed of 2000 rpm for about 1 h. The mixture was then transferred
into a 500 mL Teflon-lined stainless steel autoclave and heated at 180
°C for 48 h. The autoclave was left to cool naturally to room
temperature, and then the product MoS2−CNT hybrids were collected
by centrifugation at 5000 rpm for 8 min, washed several times with
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distilled water (300 mL) and absolute ethanol (100 mL), and dried at
80 °C in a vacuum overnight. The yield of the MoS2−CNTs
nanohybrids was about 90%. The MoS2 nanolayers were synthesized
by a similar procedure in the absence of CNTs.
2.2. Preparation of EP/MoS2−CNTs Composites. A typical

preparing procedure for EP composites containing 2 wt % MoS2−
CNT hybrids is described as follows: 1.2 g of MoS2−CNT hybrids
were added into 100 mL of acetone solution with ultrasonication to
prepare a uniform suspension in an ice water bath. Then, 50.0 g of EP
was melt at 95 °C and then poured into the above suspension under
mechanical stirring with a high speed of 3000 rpm for 6 h. Then the
mixture was placed in an oil bath at 100 °C for 24 h to remove the
acetone under mechanical stirring. Ten grams of DDM was melted at
110 °C and then dumped into the related mixture under mechanical
stirring for 5 min. Finally, the EP/MoS2−CNTs composites were
cured at 100 and 150 °C for 2 h, respectively. In the end, the
composites were placed to cool to room temperature. Moreover, a
similar procedure was used to prepare pure EP, EP/CNTs, EP/MoS2
composites except changing the kinds of additives. The content of the
nanofillers in all the samples was consistent with 2 wt %. In addition,
the EP composites containing 1 wt % MoS2 and 1 wt % CNTs were
also prepared by the same procedure.
2.3. Characterization. X-ray diffraction (XRD) (Japan Rigaku D/

Max-Ra) was performed using a rotating-anode X-ray diffractometer
equipped with a Cu Kα tube and a Ni filter (λ = 0.1542 nm) at 40 kV.
The data was collected on powder and in reflection orientation. The
scanning scope was 5−65° and scanning rate was 4° min−1. Scanning
electron microscopy (SEM) (JSM-6800F, JEOL) was used to observe
the morphology of the CNTs and MoS2−CNT hybrids. Transmission
electron microscopy (TEM) (Hitachi model H-800) and Energy-
dispersive X-ray spectroscopy (EDX) were carried out to observe the
morphology and analysis the element composition of the samples. The
samples were first dispersed well in ethanol by ultrasonication and
then dripped on copper grids. In addition, TEM was also performed to
observe the dispersion state of the nanofillers in EP nanocomposites.
Thermogravimetric analysis (TGA) was carried out on a Q5000
thermoanalyzer instrument (TA Instruments Inc., New Castle, DE)
from room temperature to 800 °C at a heating rate of 20 °C min−1

under an N2 flow of 60 mL min−1. The thermal behavior of the EP
composites was further studied by Q2000 differential scanning
calorimeter (DSC) (TA Instruments Inc., USA). About 5 mg of
samples were heated from 30 to 220 °C at a linear heating rate of 10
°C min−1 and kept at 220 °C for 10 min and then cooled at a linear
rate of 10 °C min−1 from 220 to 30 °C. This heating−cooling cycle
was performed once again, and the data was got from the second
heating cycle. Dynamic mechanical analysis (DMA) (DMA Q800, TA
Instruments Inc.) was carried out in the temperature range from 25 to
250 °C at a heating rate of 5 °C min−1 with a frequency of 10 Hz. The
combustion properties of EP and EP composites were performed on a
microscale combustion calorimeter (MCC-2, GOVMARK).33 The
thermogravimetric analysis/infrared spectrometry (TG-IR) of the
samples was carried out using a TGA Q5000 IR thermogravimetric
analyzer.33 Field-emission scanning electron microscopy (FESEM)
(JEOL JSM-2010) was performed to observe the micromorphology of
the char residues. Raman spectroscopy was performed with a SPEX-
1403 laser Raman spectrometer (SPEX Co, U.S.A.).29 X-ray
photoelectron spectroscopy (XPS) was carried out with a VG
ESCALB MK-II electron spectrometer (Al Kα excitation source at
1486.6 eV).

3. RESULT AND DISCUSSION
3.1. Characterization of MoS2−CNTs. Figure 1 shows the

XRD patterns of the acid-treated CNTs, synthesized MoS2
nanolayers, and MoS2−CNT hybrids. In the XRD pattern of
CNTs, the peaks at 25.9° (002) and 42.8° (100) are attributed
to the hexagonal graphite structure. For the as-prepared MoS2,
it is very interesting to observe that the (002) diffraction peak
at 14.0° disappeared; only three weak and wide diffraction
peaks assigned to (100), (103), and (110) planes of MoS2 were

shown.43,47 The XRD pattern of the MoS2−CNT hybrids
exhibits all diffraction peaks related to the as-prepared MoS2. In
addition, a weak diffraction peak around 25° attributed to the
(002) plane of the CNTs was observed. The above results
indicated that the MoS2 nanosheets in the as-prepared MoS2
and MoS2−CNT hybrids did not show with restacking
structure and they all were composed of a single or few layers
of MoS2.

43 In addition, two new weak diffraction peaks that
were instructed by green and purple rectangular wireframe
could be observed around 2θ = 9 and 16°. These two
diffraction peaks in MoS2-based hybrids were assigned to the
increasing in the distance of the original MoS2 layers which is
good in agreement with previous research work by Chang et
al.44 Moreover, the intensity of the diffraction peaks of CNTs
decreased obviously, indicating MoS2 nanosheets densely
covered on the surface of CNTs.45

Raman spectrum was further used to investigate the
structural of MoS2−CNT hybrids (Figure S1). The Raman
spectrum of CNTs shows the D band at 1350 cm−1 that
corresponded to scattering from local defects or disorders
present in the CNTs, and the G bands at 1585 cm−1 which
originates from the in-plane tangential stretching of the C−C
bonds in the graphitic structure.48 As for the MoS2−CNT
hybrids, it is notable that besides the typical D band and G
band of CNTs, there are two additional characteristic bands of
MoS2, which correspond to the E2g and A1g modes,
respectively.46 The Raman spectrum of the MoS2−CNT
hybrids show the characteristic bands of both CNTs and
MoS2, confirming the presence of CNTs and MoS2 in the
hybrids.
The SEM images of CNTs and MoS2−CNT hybrids are

shown in Figure S2 in the Supporting Information. Figure S2a
in the Supporting Information shows a typical SEM image of
the CNTs which keep their intact structure after concentrated
sulfuric acid and nitric acid treatment. It can be observed from
Figure S2b in the Supporting Information that the layered
MoS2 has been successfully grown on a continuous CNTs
network. Furthermore, it can also be observed that the
morphology of the MoS2−CNT hybrids is significantly
different compared to that of CNTs. No aggregations of the
MoS2 nanosheets off the CNTs scaffold are observed in the

Figure 1. XRD patterns of acid treatment CNTs, MoS2 nanosheets,
and MoS2−CNT hybrids.
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nanohybrids, indicating that the MoS2 nanolayers were fixed
stubbornly on the surface of CNTs. The morphology and
structure of the MoS2, CNTs, and MoS2−CNT hybrids were
further characterized by TEM (Figure 2). Figure 2a presents a

typical TEM image of MoS2 nanosheets, which is thin layers
folded and tangled together. Figure 2b shows the CNTs still
keep their original tube structure and the diameter is 20−30
nm. Figure 2c, d further shows the morphology of the MoS2−
CNTs nanohybrids, indicating that the layered MoS2 with few
layers deposits on the surface of CNTs. During the hydro-
thermal process, CNTs serve as the substrate for the nucleation
and growth of MoS2 into a layered structure because of the
interaction between the functional group of CNTs surface and
Mo precursors. The elemental compositions of the selected
fields (rectangular area in Figure 2d) were determined by EDX,
as shown in Figure 2e. It was observed that Cu, C, O, Mo, and
S elements existed in Figure 2e. The Cu peaks were originated
from the Cu grids. Accordingly, the presence of C and O is
contributed from the CNTs and oxygen-containing functional
groups of the acid-modified CNTs. The atomic ratio of Mo and
S is agreed with the stoichiometry of MoS2, which can be
obtained from the table inserted in Figure 2e. The EDX spectra
further confirmed that the MoS2−CNT hybrids were
successfully fabricated.
In addition, a dark-field scanning transmission electron

microscopy (STEM) was further carried out to observe the
structure of MoS2−CNT hybrids. It could be obviously shown
in Figure 3 that the MoS2 nanolayers were decorated on the
surface of CNTs and EDX element mapping of the same
structures further showed the spatial distributions of C, Mo,
and S in MoS2−CNT hybrids. The strong C signal across the
nanotubes confirmed the existence of CNTs, the Mo and S
element detected in the nanolayers visibly suggested the
formation of MoS2.

3.2. Dispersion State of CNTs and MoS2−CNTs
Hybrids in EP Composites. To the best of our knowledge,
the dispersion and interface interaction of nanofillers in
polymer matrix are two critical factors for optimizing the
improvement of the performances of polymer nanocompo-
sites.49 Therefore, it is of great significance to study the
dispersibility of CNTs in the EP nanocomposites. The
dispersion states of CNTs and MoS2−CNT hybrids in EP
matrix were observed by means of TEM, as shown in Figure 4.
It was observed that the acid-treated CNTs agglomerated

Figure 2. TEM images of (a) MoS2 nanosheets, (b) acid treatment
CNTs and (c, d) MoS2−CNT hybrids, (e) EDX result of MoS2−CNT
hybrids.

Figure 3. STEM analysis and EDX element mapping of MoS2−CNT hybrids.
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seriously in the EP matrix with a curled, entangled, and bundled
structure under higher magnification because of the van der
Waals force between CNTs (Figure 4a). In contrast, the
attachment of MoS2 nanolayers on the CNTs promotes the
dispersion of CNTs in EP matrix effectively and no obvious
aggregation of CNTs was observed (Figure 4b), which are
mainly due to the MoS2 nanolayers deposited on the surface of
CNTs acting as barriers in preventing the restacking and
agglomeration of the CNTs. Obviously, the decorating of MoS2
nanolayers on CNTs surface was an effective method to
improve the dispersion of CNTs in the polymer matrix. In
addition, some of the MoS2 nanolayers are no longer attached
to the CNT surface, probably because of ultrasonication,
stirring, and shearing during the preparation of nano-
composites.50

3.3. Thermal Behavior of EP and Its Composites. The
glass transition temperature (Tg) of the nanocomposites is an
important parameter that can be used to characterize the effect
of the filler on the thermo-viscoelasticity and the physical
properties of the polymer matrix.51 The Tg of EP and its
composites were measured by DSC and the results are
presented in Table 1. The DSC curves of EP and its

composites are presented in Figure S3 in the Supporting
Information. Compared to pristine EP, the samples containing
CNTs, MoS2 and MoS2−CNTs showed a high Tg, which
demonstrates that the addition of CNTs, MoS2 and MoS2−
CNTs can promote the degree of cure.52 In addition, the
increase in Tg is attributed to the fact that the presence of MoS2
nanolayers and the CNTs network structure restrict the
molecular mobility to some degree. For the EP/2% MoS2−
CNTs composites, the increase in Tg is more obvious than EP/
2% CNTs composites. It is mainly attributed to the good
dispersion of nanofillers in the EP matrix, which can result in a
strong confinement effect.53

TGA was used to investigate the thermal stability of EP and
EP composites. TG-DTG profiles and the corresponding data
for EP and its composites under nitrogen atmosphere are

shown in Figure 5 and Table 1, respectively. As can be
observed, all the nanocomposites present similar degradation
behaviors to that of pristine EP. The thermal decomposition
process of pure EP and EP composites only contains one stage
referred to the DTG profile, which is mainly ascribed to the
decomposition of the macromolecular chains. For the EP/
MoS2, EP/CNTs and EP/MoS2−CNTs composites, their
temperature of the initial degradation (T−10%: the temperature
of 10 wt % weight loss) and the temperature of maximum
weight loss rate (Tmax) is lower than that of pure EP, which
were attributed to the earlier thermal degradation of MoS2,
functional groups on the acid treatment CNTs or the high
thermal conductivity of CNTs.52 However, the addition of
MoS2−CNT hybrids shows higher char residues compared to
EP, EP/MoS2, and EP/CNTs composites, which reaches up to
22.2%. The char residues can provide a protective shield of
mass and heat transfer, which slow down the heat release rate
during combustion, indicating the MoS2−CNT hybrids can
improve the thermal resistance of the EP composite. Moreover,
it can be obtained from DTG profiles that the maximum mass
loss rate (the peak of DTG curve) of the EP/MoS2−CNTs
composites is lower than that of neat EP, EP/CNTs, and EP/
MoS2 composites, suggesting that MoS2−CNT hybrids
function as an effective barrier to inhibit the mass loss during
the thermal degradation process.53

3.4. Heat Release of EP and EP Composites. In previous
work, the addition of CNTs and MoS2 individually could
impart the flame retardant propert ies to poly-
mers.7−9,27−29,31−33 It is shown that the combination of two
or more components can provide an incredible fire resistance to
polymers because of the synergistic effect. Therefore, MoS2−
CNT hybrids are expected to enhance the fire resistance of EP
composites more obvious than CNTs and MoS2 solely. To
confirm this inference, the MCC based on oxygen consumption
calorimetry was used to investigate the flammability of EP and
EP composites.54 The PHRR and THR are the key factors for
evaluating fire safety. The HRR and THR curves of the EP and
EP composites with MoS2, CNTs, and MoS2−CNT hybrids are
shown in Figure 6 and the related data are shown in Table 1. It
can be observed that the flame retardancy of all nano-
composites had improved and CNTs were more effective in
reducing the PHRR than MoS2, which may be caused by the
formation of the network structure of CNTs. Moreover, the
MoS2−CNT hybrids could confer more excellent flame
retardancy on EP composites compared with MoS2 and
CNTs. The addition of 2 wt % MoS2−CNT hybrids leads to
a 27 and 31% reduction in PHRR and THR, respectively,
compared with those of neat EP. The ability of MoS2−CNT
hybrids to improve the flame retardancy of polymer is mainly
attributed to create a protective barrier on the surface of the
polymer matrices and the free radical trapping effect of the
CNTs network, which slow down the heat and mass transfer
between gas and condensed phases, and inhibit the underlying
polymer composites from further combustion.8 In detail, the
network structured layers formed by CNTs in the polymer
matrix could not only isolate polymers from external radiation
and heat feedback from the fire zone, but also could act as
effective thermal insulation layers.55 However, the flame
retardant efficiency is closely related to the dispersion of
nanofillers in polymer matrix, so the decoration of layered
MoS2 on CNTs can prevent CNTs from aggregating and
consequently improve the flame retardant efficiency. In
addition, MoS2 also has a flame retardacy effect due to the

Figure 4. TEM ultrathin observations of the (a) EP/2% CNTs
composites and (b) EP/2% MoS2−CNTscomposites.

Table 1. DSC, TGA, and MCC Results of EP and EP
Composites

sample
Tg
(°C)

T−10%
(°C)

Tmax
(°C)

char
residuea

(%)
PHRR
(Wg1−)

THR
(kJ g−1)

EP 130 376 386 13.6 337 40.3
EP/2% MoS2 151 355 366 20.0 318 35.6
EP/2% CNTs 145 366 377 19.7 298 33.2
EP/2% MoS2−
CNTs

158 343 369 22.2 248 27.7

EP/1% MoS2/
1% CNTs

148 343 357 21.6 284 30.1

aAt 700 °C.
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physical barrier effect of the MoS2 layers and the barrier effect
of char residues catalyzed by MoS2.

29,33

3.5. Flame Retardant Mechanism. Flame retardants in
polymer matrices may act either in condensed phase or in gas
phase or also in both phases together. Therefore, TG-FTIR was
first selected to analyze the gas volatiles during thermal
degradation process. FTIR spectra obtained at the maximum
evolution rate during the thermal degradation of EP and EP/
MoS2−CNTs composites are shown in Figure 7a. Some
gaseous volatiles evolved from EP and EP/MoS2−CNTs
composites are labeled accurately by characteristic FTIR
signals, such as CO2 (2360 cm−1), CO (2180 cm−1), −C-H
groups for allyl alcohol, acetone, ethers and various hydro-
carbons (2800−3100 cm−1), aromatic compounds (1605, 1510,
and 1460 cm−1).56 It is observed that the thermal degradation
process of the EP/MoS2−CNTs composites is similar to that of
neat EP which is good in agreement with TGA results.
However, the intensity of gas emission of EP/MoS2−CNTs
composites is much lower than that of the neat EP. In addition,
the differences between EP and EP/MoS2−CNTs composites
are studied by the Gram-Schmidt (GS) curves which are
presented in Figure 7b. It is clearly observed that the
absorbance intensity of the decomposition products from
EP/MoS2−CNTs is much lower than that from pure EP (for
comparison purposes, the absorbance intensity values were
normalized by the total mass loss in the TGA).
To further study the changes of the pyrolysis products, the

absorbance of gas products for EP and EP/MoS2−CNTs

composites is shown in Figure 7c−f. It can be observed that the
absorbance intensity of the pyrolysis products for EP/MoS2−
CNTs is lower than that of EP, including hydrocarbons (Figure
7c), aromatic compounds (Figure 7d), CO2 (Figure 7e), and
CO (Figure 7f). The decrement of hydrocarbons and aromatic
compounds leads to a reduction in the HRR, which is in
accordance with MCC results. Consequently, the addition of
MoS2−CNT hybrids decreases the volume of combustible gas
and weight loss, which is in agreement with thermal analysis
results. The reduction of organic gaseous products further gives
rise to inhibit the formation of the smoke, because the volatiles
are easily cracked into smaller hydrocarbons and smoke
particles. The gaseous hydrocarbons are very easy to condense
and the smoke particles aggregate to form smoke.54 Addition-
ally, CO2 (Figure 7e) and CO (Figure 7f) production for EP/
MoS2−CNTs is much lower than that of neat EP, which is
mainly attributed to the improvement of char formation, the
physical barrier effect of the MoS2 nanolayers, and CNT
network structure.
Meanwhile, according to previous research works, many

kinds of nanofillers, including CNTs, clay, or polyhedral
silsesquioxanes, can act as “char reinforcers” or “char
expanders” in the condensed phase. When the flame retardants
play a role in condensed phase, the flame retardant efficiency
mainly depends on the composition and structure of the char.
Thus, studying the morphologies and the structure of the
obtained char layers will provide insight into understanding
how flame retardants play a role in the condensed phase.56

Figure 5. TGA curves of pure EP, EP/2% CNTs, EP/2% MoS2, EP/2% MoS2−CNTs, and EP/1% MoS2/1% CNT composites in nitrogen
atmosphere.

Figure 6. (a) HRR and (b) THR curves of pure EP, EP/2% CNTs, EP/2% MoS2, EP/2% MoS2−CNTs, and EP/1% MoS2/1% CNT composites.
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The microstructure of the char residues were investigated by
SEM to get more information about the char residues after
thermal degradation and the corresponding SEM images are
shown in Figure 8. As can be observed in Figure 8a, neat EP
shows a discontinuous char layer with a large amount of cracks
and holes. However, after addition of 2% MoS2, CNTs and the
MoS2−CNT hybrids into EP, the number of cracks and holes
decreased obviously (Figure 8b−d) and the porous and
incompact surface changed into more dense, especially for
the EP composites with MoS2−CNT hybrids. It means that the
addition of MoS2−CNT hybrids results in the formation of
compact carbonaceous char, which provided a more effective
protecting layer during combustion. The compact char layer
can effectively inhibit the transferring of heat and volatiles due
to the strong barrier effect, and thus provide a good barrier for
the underlying material, leading to the impressive enhancement

of the thermal stability and fire resistance of the EP
nanocomposites.
The microstructure of chars is a key factor for improving the

fire resistance of polymers. For a flame retardant system with
CNTs, the degree of graphitization reflects the transition extent
of carbon material from a turbostratic to graphitic structure.25

Raman spectroscopy is then used to prove the existence of
carbonaceous char in the residue and further analyze the special
component of the char. Figure S4 in the Supporting
Information shows the Raman spectra of the residual char of
EP, EP/2% MoS2, EP/2% CNTs, and EP/2% MoS2−CNTs,
which are obtained by calcinating the samples in muffle furnace
at 600 °C for 15 min and tested directly without acid treatment.
It can be observed that all of the spectra exhibit a G and D band
at about 1595 and 1365 cm−1, respectively, indicating the char
structures. The former is corresponding to the stretching

Figure 7. TG-IR results of EP and EP/2% MoS2−CNTs composites: (a) FT-IR spectrum of pyrolysis products at the maximum decomposition rate,
(b) Gram−Schmidt curves, (c) hydrocarbons, (d) aromatic compounds, (e) CO2, and (f) CO.
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vibration mode with E2g symmetry in the aromatic layers of the
graphite crystalline, whereas the latter represents disordered
graphite or glassy carbons.29

The graphitization degree of the char can be calculated by a
ratio of the D band intensity and G band intensity (ID/IG),
where ID and IG represents the integrated intensities of the D
and G bands, respectively. Basically, the lower the ratio of ID/
IG, the better structure of the char is. As shown in Figure S4 in
the Supporting Information, the ID/IG ratio follows the
sequence of EP/2% MoS2−CNTs (2.62) < EP/2% CNTs
(2.67) < EP/2% MoS2 (2.73) < EP (2.84), which indicates the
EP/2% MoS2−CNTs composites have a higher graphitization
degree and the most thermally stable char structure. The lower
degree of graphitization in the char has relatively high reactivity
to oxidation, leading to the char burnt out in the long time
exposure to a high extent of heat flux.25 It can be inferred that
the high content of graphitized carbons in the residual char is
known to be compact and efficient in terms of thermal
insulation, which can provide an effective shield that results in a
decrease in heat and mass transfers between the flame and the
material. The result of Raman spectroscopy confirms the
graphitization degree of the EP/2% MoS2−CNTs composites is
higher than that of the EP and the EP composites with MoS2 or
CNTs solely, resulting in the enhancement of the thermal
properties and flame retardance of the composites, which is in
accordance with the SEM results.
The exterior and interior residual char of EP and EP/2%

MoS2−CNTs composites are further investigated by XPS
analysis, and the corresponding results are presented in Figure
9. The characteristic C1s bands at 284.6, 286.8, and 288.4 eV are
attributed to C−H and C−C in aliphatic and aromatic species,
C−O (ether and/or hydroxyl group) and CO, respectively.56

Moreover, the aliphatic and aromatic species (C−H or C−C)
concentration no matter in the exterior or interior residual char
of EP/2% MoS2−CNTs composites is higher than that in the
exterior and interior char residues of pure EP, respectively,
implying that the char residues of EP/2% MoS2−CNTs
composites with a higher graphitization degree. To further
study the thermal oxidative resistance of the char residues, we
calculated Cox/Ca (Cox, oxidized carbons and Ca, aliphatic and
aromatic carbons) values.57 The Cox/Ca values of the exterior
and interior residual char of EP/2% MoS2−CNTs composites

are 0.32 and 0.22, respectively, which are much lower than
those of EP. Furthermore, the Mo and a small amount of S
element can be detected, implying that the MoS2 nanolayers
have been oxidized to molybdenum oxide, which can efficiently
suppress the production of smoke.58

In a word, it is very interesting to observe the combination of
CNTs and MoS2 nanolayers shows a synergistic effect in
improving the fire resistance of EP. The mechanism of the
improved flame retardancy for EP/MoS2−CNTs composite is
illustrated in Scheme 1. There are three possible reasons for the
enhancement of fire resistance of EP by incorporating MoS2−
CNT hybrids, that is, (1) physical effect of CNTs and MoS2
nanolayers, (2) chemical effect of MoS2, and (3) the
combination of physical effect and chemical effect. It is well-
known that the incorporation of CNTs into polymer matrices is
easy to form a three-dimensional networklike structure
resulting in a higher melt viscosity that can lead to excellent
flame retardancy.8 Most importantly, incorporating MoS2
nanolayers functionalized CNTs results in a further improve-
ment in fire resistance of EP composites rather than CNTs.
This can be ascribed to the diameter of MoS2 nanolayers
functionalized CNTs is larger than that of pure CNTs, and thus
the coexistence of MoS2 and CNTs in the composites form a
more effective confined space and enhances the network
structure; on the other hand, nanocomposites with good
dispersion exhibit much higher complex viscosity than those
with poor CNTs dispersion because poorly dispersed CNTs
lead to formation of a discontinuous layer that consists of
fragmented islands rather than the continuous network
protective layer.59 In detail, the network structured layers
formed by CNTs could not only shield polymers from external
radiation and heat feedback from the fire zone, but also could
effectively impedes transport of oxygen and flammable volatiles,
and greatly inhibits the combustion process of the materials. In
addition, the flame retardancy of the EP composites is also
closely dependent on the physical barrier effect and catalytic
carbonization effect of MoS2 nanolayers. The dense and
continuous char layer and MoS2 nanolayers are good barriers
to protect the underlying materials; reduce the diffusion of
volatile combustible fragments; and inhibit the exchange of
combustible gases, degradation products, and oxygen.

3.6. Mechanical Properties Performed by DMA. The
above research results have demonstrated the synergistic effect
in improving the thermal stability and flame retardancy of EP
through the combination of MoS2 nanolayers and CNTs.
Moreover, it is attractive as a nonhalogen method for
improving fire resistance of polymer composites without
sacrificing mechanical properties simultaneously. The influence
of CNTs and MoS2−CNT hybrids on the mechanical
properties of the EP composite is evaluated using DMA.
Storage modulus curves (a) and loss angle tangent (b) of the
pure EP and its composites are shown in Figure S5 in the
Supporting Information. After incorporating CNTs into the EP
matrix, the storage modulus of all the EP composites increases.
However, MoS2−CNT hybrids show much higher increase in
storage modulus compared with CNTs. The same tendency is
found in Tg values, which are defined as the temperature at
maximum of tan δ. The Tg values of EP, EP/2% MoS2, EP/2%
CNTs, and EP/2% MoS2−CNTs are 155, 167, 164, and 172
°C, respectively, which are in accordance with the DSC
results.60 The increase in Tg indicates that the movement of
polymer chains is confined. In this work, the increase in Tg
values can be mainly ascribed to the nanotube network, which

Figure 8. SEM images of the final char residues of EP and EP
composites: (a) pure EP; (b) EP/2% MoS2; (c) EP/2% CNTs; (d)
EP/2% MoS2−CNTs.
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limits the movement of molecule chains. It is well-known that
the well dispersion CNTs is conducive to form a compact
network structure. The more compact the nanotube network,
the more difficult the movement of polymer chains, and
consequently, the higher the Tg value. Moreover, the MoS2
nanolayers can restrict the segmental motion of the polymer
chains in the nanocomposites which result in higher Tg in EP/
2% MoS2 composites. As discussed with the morphology of the
sample EP/2% MoS2−CNTs (Figure 4), the existence of good
dispersed states of CNTs and MoS2 nanolayers in the EP
matrix obviously reinforces the EP matrix and reflects into the
modulus values and Tg.

4. CONCLUSION
In summary, this work herein reported a facile strategy to
prepare MoS2 nanolayer-wrapped CNT hybrids, and its
composition and structure were characterized by XRD,
Raman spectra, SEM, and TEM. The morphological study
exhibited that MoS2 nanolayers were decorated on the surface

of CNTs. The MoS2−CNT hybrids were well-dispersed in the
EP matrix, leading to remarkable improvement of thermal
stability, flame retardancy, and mechanical properties. Incor-
poration of 2 wt % MoS2−CNT hybrids into EP resulted in the
increase in char yield and decrease in DTG peak value
compared to neat epoxy. Moreover, the combination of CNTs
and MoS2 nanolayers can further reduce the PHRR, THR, and
inhibit the combustion process of EP compared with the
addition of CNTs or MoS2 alone in EP matrix. In addition, the
amount of organic volatiles was obviously reduced, and the
toxic carbon monoxide was suppressed after incorporating
MoS2−CNT hybrids, which demonstrated MoS2 and CNTs
had a synergistic effect on reducing fire hazards. A possible
flame retardant mechanism was illustrated based on the
analyses of pyrolysis products and char residues. In gas phase,
the presence of MoS2−CNT hybrids acts as a physical barrier
that could slow down and decrease the release volume of
combustible gas, especially hydrocarbons and aromatic
compounds; in the condensed phase, the addition of MoS2−

Figure 9. XPS survey of the char residues of EP and EP/2% MoS2−CNTs composites.
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CNT hybrids led to forming a compact and insulating char
layer to protect the inner polymer matrix from further burning.
The approach demonstrated herein is a promising strategy for
simultaneously improving the fire resistance and mechanical
properties of polymer composites.
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