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a b s t r a c t

As a graphene-like layered nanomaterial, molybdenum disulfide (MoS2) had gained enormous attention
from the materials fields. In this work, MoS2 nanosheets were firstly modified by cation surfactant with
long alkyl chain (CTAB) and then the modified MoS2 nanosheets (CTAB-MoS2) were incorporated into
polystyrene (PS) and poly(methyl methacrylate) (PMMA) matrices via in situ polymerization method.
The structure, thermal stability and fire resistance properties of the PS and PMMA/CTAB-MoS2 nanocom-
posites were studied by X-ray diffraction (XRD), Transmission electron microscopy (TEM), Thermogravi-
metric analysis (TGA), Microscale combustion colorimeter (MCC) and Cone test, respectively. The
modified MoS2 nanosheets were dispersed well in the PS matrix with intercalated structure as indicated
by XRD pattern and TEM techniques. The introduction of MoS2 into the polymer matrix such as PS and
PMMA can markedly improve its thermal properties and reduce the fire hazards. With the addition of
3 wt% CTAB-MoS2, T�50% and T�max of the PS nanocomposites were increased by 48 and 46 �C, respec-
tively. The peak of heat release rate (PHRR) and total heat release (THR) values of the PS/5% CTAB-
MoS2 nanocomposites decreased by 40% and 27% respectively compared with that of the pure PS. For
the PMMA nanocomposites with 1% CTAB-MoS2, the T�5% and T�10% increased by 35 and 53 �C compared
to that of neat PMMA. Meanwhile, the PHRR and THR were decreased by 25% and 20%, respectively. The
method used in this research work provided a novel route to other MoS2-based polymer nanocomposites
with excellent performances.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the past few years, two dimensional (2D) nanosheets such as
graphene, transition metal dichalcogenides (TMDs), hexagonal
boron nitride (h-BN) and carbon nitride (C3N4) have been attract-
ing plentiful attention due to the unique performances associated
with their ultrathin structure. Layered transition metal dichalcog-
enides, such as MoS2 and WS2, have been successfully established
as a new paradigm as well as the graphene analogs [1–3]. From the
structural point of view, MoS2 is a typical family member of TMDs,
in that MoS2 crystals are characterized as hexagonal layered con-
figurations in which the atoms in the layer are bonded with strong
covalent bonding, while the layers are packed together to form a
sandwich structure with weak Van der Waals forces like graphite
and h-BN [1].

MoS2 has attracted considerable interest over the last few years
on account of its extraordinary optical, thermal, and mechanical

properties arising from its unique structure [3]. The unique sand-
wich structure has potential applications in many technological
fields, such as super lubricant, sensors, batteries, photocatalyst,
hydrogen storage and nanocomposites [4–15], where MoS2-based
polymer composites are a novel class of materials that combine
the attractive functional properties of MoS2 (electrical, optical,
thermal, mechanical properties, etc) with the advantages of poly-
mers, such as low cost and good processability.

Polymer/layered inorganic nanocomposites have attracted tre-
mendous attention for their potential in improving polymer prop-
erties such as mechanical, thermal, and physical properties. MoS2

nanosheets are expected to become one kind of useful fillers for
improving the properties of polymers. Firstly, it has been reported
that a monolayer of MoS2 have an extraordinarily high breaking
strength (�23 GPa) and Young modulus (�300 GPa), which can
be compared to those of chemically reduced graphene. Thus
MoS2 can be used to improve the mechanical properties of poly-
mers [15]. In addition, as a typical layered inorganic material,
MoS2 is expected to disperse and exfoliate in polymers and results
in the physical barrier effects which inhibit the diffusion of heat
and the decomposition products of the polymer and also the tran-
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sition metal element Mo promotes the formation of the charred
layer acting as a physical barrier which could slow down heat
and mass transfer during the burning. So it is reasonable that
MoS2 may improve the thermal stability and fire resistance of poly-
mer-based composites just like MMT, LDHs and graphene [10].

However, the preparation of such polymer composites requires
not only that MoS2 nanosheets can be produced on a sufficient
scale but that they also are incorporated, and dispersed into vari-
ous polymer matrices with homogeneous structure. To achieve
high-performance of MoS2/polymer nanocomposites, homoge-
neous dispersion of MoS2 nanosheets in the polymer hosts and
proper interfacial interactions between the nanosheets and the
surrounding matrix must be considered. In fact, the preparation
of polymer/MoS2 nanocomposites based on parent MoS2 is difficult
to achieve. The amphiphobic nature of the MoS2 nanosheets causes
poor dispersion in a variety of organic solvents and not compatible
with the organic polymer matrix [15]. Most monomers and poly-
mers cannot be easily intercalated between MoS2 nanosheets in
its pristine state which are mainly due to no reactive groups on
the surface of MoS2 and parent MoS2 lacks both the space and
affinity for polymer molecules (or monomers) to be intercalated
into its galleries. Furthermore, the individual sheets tend to restack
owing to their large specific surface area and Van der Waals inter-
actions between the interlayers of MoS2 nanosheets, which make
the interlayer distance between MoS2 nanoplatelets very narrow.
An effective way to overcome the agglomeration and enhance
the compatibility between MoS2 nanosheets and polymer matrix
is the surface modification of MoS2 via noncovalent and covalent
interaction. Therefore, it is very urgent to explore a facile and effi-
cient method to make MoS2 nanosheets homogeneously dispersed
in the matrix and to improve the compatibility with polymers.

It is commonly now believed that in order to produce homoge-
neous polymer/inorganic nanocomposites, inorganic particles are
frequently surface-modified (by the attachment of polymerisable
(organic) functionalities) or introduced into the polymer matrix
in the presence of surfactants in order to improve the compatibility
between the organic and inorganic segments [16]. According to
previous research work, surfactant-modified graphene or clays
can more easily disperse in an organic polymer matrix to form
polymer nanocomposites [17,18]. For the layered MoS2, treatment
with strong reducing agents such as n-butyl lithium can result in Li
ions being inserted into the layered structure of MoS2 to form the
lithium intercalated MoS2 (LixMoS2) by a solvothermal method.
The resulting LixMoS2 can be exfoliated to single or few layers
MoS2 with negatively charged via the rapid hydrolysis and ultra-
sonication of LixMoS2 in distilled water [9,10]. In the presence of
positively charged guest species such as organic cationic surfac-
tant, the MoS2 host layers will be restacked and result in the for-
mation of novel intercalation compounds. Organic functionality
in the modified layered nanofillers makes it more compatible with
the organic polymer. With a suitable distribution of nanofillers in
the polymer matrix, nanocomposites can exhibit improved
mechanical, thermal, electrical, and gas barrier properties [19].

In general, the predicted potential of polymer nanocomposites
is not achieved because of a poor homogeneous distribution and
a weak interfacial adhesion. Layered nanofillers tend to aggregate
for their high surface energy, and hence, how to get a nanome-
ter-scale dispersion of nanofillers is still a challenge for preparation
of polymer nanocomposites. Many approaches have been devel-
oped for preparing polymer/inorganic nanocomposites, such as
melt blending method, solvent blending method, and in situ poly-
merization method. Melt blending is the most economically attrac-
tive and scalable method. However, melt blending also presents
several severe problems due to the high melt viscosity of most
polymers, such as impregnation, flow of resin and removal of bub-
bles [20]. Although solvent blending method generally leads to

better particle dispersion than melt processing, slow solvent evap-
oration often induces particle reaggregation and commercializa-
tion is restricted by cost and the required organic solvent is
poisonous and not convenient for industrial processing [21]. The
in situ polymerization of monomers in the presence of nanofillers
is a promising approach for improvement of nanofiller dispersion
in the polymeric matrix because of the intimate contact of fillers
and the polymer matrix during synthesis [22]. In previous work,
it had been reported that the in situ polymerization of monomer
in the presence of CNT is considered to be a good approach for a
homogeneous dispersion, providing advanced polymer/CNT com-
posites with improved mechanical properties [23]. In addition,
Potts et al. reported good dispersion of CRG in PMMA using in-situ
free-radical polymerization [24]. Moreover, some reports in the lit-
erature deal with the in situ polymerization of vinyl monomers in
the presence of graphene nanosheets [25,26]. This procedure has
shown to be more effective than melt mixing, since it allows a bet-
ter distribution and dispersion of the graphene nanosheets within
the polymer matrix. Recently, MoS2 had been applied as a reinforc-
ing material in polymers using a variety of methods including solu-
tion or melt blending [9–11,13–15] and in situ-emulsion
polymerization [12]. Nonetheless, the in situ polymerization of
heterogeneous systems in the presence of organic modified MoS2

nanosheets has been scarcely studied.
Motivated by these results, in this work, we sought to explore a

facile and efficient route for preparing MoS2/polymer nanocompos-
ites via in situ bulk-polymerization of MMA and St in the presence
of CTAB-modified MoS2 which are prepared by assembling from
MoS2 nanosheets and alkylammonium cations [27]. The long-alkyl
chain attached onto the surfaces of MoS2 nanosheets favored
homogeneous dispersion of MoS2 in the matrix and good compat-
ibility between MoS2 and polymer matrices. Scheme 1 presented
the whole synthesis strategy. The obtained PS and PMMA/CTAB-
MoS2 nanocomposites exhibited significant enhancements in ther-
mal stability and fire resistance properties.

2. Experimental section

2.1. Materials

Molybdenum disulfide (MoS2, AP), Cetyl trimethyl ammonium
bromide (CTAB) and n-hexane (AP) removing the moisture with
the coronizing molecular sieve was purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). The n-butyl lithium (2.2 M in
hexane) was purchased from Alfa Aesar without further purified.
Styrene (St) and Methyl methacrylate (MMA) monomers were
used after further purification including retarder removal, water
removal and reduced pressure distillation. Benzoyl peroxide
(BPO) was further purified by recrystallization from methanol.
The distilled water was produced in our laboratory. All other chem-
icals were used as received.

2.2. Preparation of the CTAB modified MoS2

Firstly, LixMoS2 was prepared by the solvothermal methodol-
ogy, similar to the preparation procedure of our previous work
[9]. And then the LixMoS2 was exfoliated to single or few layers
MoS2 with negatively charged via the rapid hydrolysis and ultra-
sonication process. Excess amount of CTAB was dissolved in dis-
tilled water and then added into the colloidal suspension of MoS2

nanosheets under stirring for 8 h. The CTAB-modified MoS2 were
collected after being centrifugally separated at 4500 rpm for
8 min, washed with hot water and ethanol for several times and
then dried in vacuum at 60 �C for 24 h.
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