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Single-Step Exfoliation and Covalent Functionalization of MoS2
Nanosheets by an Organosulfur Reaction

Ricardo H. GonÅalves,*[a] Rodrigo Fiel,[a] Mario R. S. Soares,[a] Wido H. Schreiner,[b] Caio
M. P. Silva,[a] and Edson R. Leite*[a]

Abstract: A simple approach to exfoliate and functionalize

MoS2 in a single-step is described, which combines the dis-

persion of MoS2 in polybutadiene solution and ultrasonica-
tion processes. The great advantage of this process is that

a colloidal stability of MoS2 in nonpolar solvent is achieved

by chemically bonding polybutadiene on the perimeter

edge sites of MoS2 sheets. In addition, elastomeric nanocom-

posite has been prepared with singular mechanical proper-
ties using functionalized MoS2 as nanofiller in a polybuta-

diene matrix with a subsequent vulcanization reaction.

Introduction

Two-dimensional materials, such as molybdenum disulfide

(MoS2), have been extensively studied due to their applicability
in different areas, such as catalysis, electrocatalysis, and elec-

tronic devices.[1–8] Furthermore, recent reports have demon-
strated that 2D-MoS2 has a high Young’s modulus, for example,

270 GPa.[9–13] This impressive mechanical property associated
with sheet morphology makes the 2D-MoS2 a candidate for ap-

plication as a nanofiller with polymeric composites. However,

the use of 2D-MoS2 for the development of polymeric compo-
sites demands a large amount of this material, which can be

obtained through methods of exfoliation, such as chemical ex-
foliation by lithium intercalation[14–17] and mechanical exfolia-

tion by ultrasonication with the affinity solvent.[18–24] Mechani-
cal exfoliation can be assisted by an adsorbed polymer and
the use of soluble polymer chains during the process, allowing

exfoliated 2D materials to be obtained in solvents that could
not otherwise exfoliate successfully.[25, 26] Basically, the polymer

chains attached to the nanosheets promote its colloidal stabili-
zation against aggregation. The polymeric chains can be at-

tached either by covalent bonds (grafted) or by van der Waals
(vdW) forces.[26] Mechanical exfoliation assisted by an adsorbed

polymer opens pathways for the development of new compo-
site materials, including the development of composites with

nonpolar polymer matrices as the polyolefins and polybuta-
diene (PB) elastomers.

Besides, the lamellar structure of the 2 H-MoS2 with van der

Waals interactions between S–Mo–S slabs and alternative edge
terminations[27, 28] allows the development of composites with

selective reinforcement. For instance, it is possible to increase
the elastic modulus of the composite by using noncovalent

polar interactions between the polymer matrix and the basal
plane of the 2D-MoS2, or to promote the interaction between

the 2D-MoS2 edges and the polymer matrix through a suitable

selective functionalization.[29, 30] Theoretical studies, using DFT,
suggest the edge sites of the MoS2 possess high molecular af-

finity.[31] Recently, Chou et al. showed that it is possible to
modify the internal and perimeter edges of 2D-MoS2 using

thiol ligand functionalization.[32]

Based on these promising perspectives of the 2D-MoS2 for
the development of novel nanocomposites,[33–35] we developed

a process that, in a single step, aids the mechanical exfoliation
of the MoS2 by ultrasonication assisted by an adsorbed poly-
mer and inducing the chemical bonding of the polymeric
chain to the MoS2 sheets. The terminal sulfur located in the

edge sites of the 2D-MoS2 bind selectively onto the PB chain
through an organosulfur reaction, resulting in a molecular

nanocomposite. We also showed an application of these graft-
ed 2D nanofillers in elastomeric nanocomposites by solution-
based processing.

Results and Discussion

In a typical experiment, the MoS2 powder is sonicated in a tolu-

ene/N-methyl-2-pyrrolidone (NMP) mixture and in PB dissolved

in toluene/NMP for over six days (see details in the Experimen-
tal Section). The MoS2 sonicated in polymer solution shows

very high colloidal stability, as can be seen Figure 1 a. More-
over, the poor colloidal stability of the MoS2, without PB, soni-

cated in toluene/NMP suggests a lower degree of exfoliation
(see Figure 1 a and Figure S3b, Supporting Information). The
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exfoliation state of material sonicated in polymer solution was
characterized by Raman spectroscopy and TEM. Under these

conditions, the Raman spectroscopy analysis of bulk MoS2 (Fig-

ure 1 b), shows two characteristic Raman modes, E1
g

(383.2 cm¢1) and A1g (409.7 cm¢1), with a frequency difference

of 26.5 cm¢1, as expected for a nonexfoliated material. After
sonication in polymer solution, the material shows Raman

peaks at 384.2 and 409.3 cm¢1, for the E1
g and A1g Raman

modes respectively, with a frequency difference of 25.1 cm¢1.

This shift in the Raman modes indicates a high degree of exfo-

liation, resulting in a 2D-MoS2 material formed by a few layers
(~4–6 layers).[35–37] The high degree of exfoliation is confirmed

by the AFM measurements (see Figure S1 in the Supporting In-
formation). The AFM image clearly shows MoS2 sheets with di-

mensions of micrometers and height of a few nanometers. The
line profile analysis indicated (see Figure S2b in the Supporting
Information) a height of 3.3 nm, equivalent to five layers. The

frequency difference between the E1
g and A1g Raman modes

for the materials sonicated in pure toluene/NMP is very similar
to the value measured for the bulk MoS2, confirming the low
degree of exfoliation of the MoS2 sonicated in the solvent mix-

ture without the PB addition.
Figure 2 a shows a HRTEM image of MoS2 exfoliated in PB so-

lution. The representative TEM image shows several flakes with
sheet morphology and lateral dimensions ranging from 100 to
700 nm. In addition, most of the flakes were electron transpar-

ent, indicating a high degree of exfoliation (see more TEM
images in Figure S2, Supporting Information). The TEM analysis

is in agreement with the Raman spectroscopy results, which in-
dicate that the exfoliation process performed in PB-toluene/

NMP solution is effective for processing 2D-MoS2 materials.

The chemical interaction between the PB chains and MoS2

was studied by XPS analysis. In Figure 3 a, the XPS spectrum

for the MoS2-PB shows two peaks at 229.1 and 232.0 eV, which
correspond to Mo4 + 3d5/2 and Mo4 + 3d3/2, respectively. This

analysis confirms no formation of molybdenum oxide on the
edge of MoS2. S2p peaks at 161.7 and 162.9 eV were also ob-

served (Figure 3 b). To evaluate
the chemical interaction be-
tween the PB and the exfoliated
MoS2, we analyzed the carbon

C1s peak. Figure 3 c–d show the
XPS spectra for the exfoliated

MoS2 in PB solution and pure PB
respectively. The C1s peak analy-
sis of the pure PB (Figure 3 d)

shows peaks related to C=C, C-C
and C¢H bonds, as expected. On
the other hand, the C1 s peak
analysis of the exfoliated MoS2 in

PB solution (Figure 3 c) shows
a complex set of C1s peaks.

After a deconvolution process,

using the Gaussian function, it
was able to identify at 286.6 and

288.7 eV, C¢C¢S and C¢S bonds,

respectively,[38–39] which suggests the chemical reaction be-
tween the PB and MoS2 nanosheets. The carbidic carbon resi-

due was also observed in XPS analysis at 282.7 eV. This residual
carbon is due to molybdenum carbon in the synthetic process

of MoS2 powder.[40, 41]

Moreover, the HRTEM image in Figure 2 b shows MoS2

sheets oriented along the [001] zone axis (see Figure 2 b inset

showing FFT analysis) with a well-defined polymer layer locat-
ed rather at the perimeter edges of the sheets. Figure 2 d

shows the HRTEM image of Figure 2 b after the Sobel operator
filter has been applied, aiming to enhance the contrast be-

Figure 1. a) Photograph of vials showing colloidal stability of MoS2-PB and MoS2 dispersed in pure toluene.
b) Raman spectroscopy analysis of bulk MoS2 (*), MoS2 sonicated in toluene/NMP (*) and MoS2 sonicated in a PB
polymer solution (&).

Figure 2. TEM images of MoS2 covalently functionalized with polybutadiene.
a) Low magnification TEM image b) Polybutadiene layer on the MoS2 edge.
c) Image filtered by Sobel operator to enhance the polymer and HRTEM
image. d) Scheme of polymeric chains bonded on the MoS2.
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tween the PB chain and the MoS2 edge sites. A very good in-
terface can be seen between the polymer and the exfoliated

MoS2. The HRTEM analysis indicates a preferential bond be-
tween the PB and 2D-MoS2 at the perimeter edges of the

sheets. The preferential PB bonding at the 2D-MoS2 perimeter
edges of the sheets is confirmed by the AFM analysis (see Fig-
ure S1a in the Supporting Information). In this AFM image, we

can notice polymers bonded only in the border of the Mos2

sheets. A plausible explanation for the identification of C¢S

bond and the formation of a polymer layer around the MoS2

sheets is the reaction between the C=C of the PB chains and
the terminal sulfur of the MoS2 nanosheets through a covalent
bond, as illustrated in Figure 2 c.

The FTIR spectroscopic analysis (see Figure S3, Supporting
Information) also showed the presence of PB bounded on the
MoS2 surface. The modifications in the bands at 3070 cm¢1

(depict C=C¢H stretch) 1667 cm¢1 (relative to C=C stretch) and
in 630 cm¢1 (which is attributed to a C¢S stretch) confirm the

chemical interaction between the PB and the 2D-MoS2. The
FTIR spectrum of MoS2-PB supports the result obtained in the

XPS analysis.

The PXRD, in Figure 4 a, shows only one peak corresponding
to the plane (002) for the MoS2 exfoliated in PB solution. The

PXRD pattern also shows broad (002) peak that confirms the
reduction of the initial size of the MoS2 to nanoscale size. The

presence of the single peak (002) in the PXRD is due to the re-
stacking of the functionalized MoS2 sheets on the substrate.[42]

This restacked MoS2 has been
frequently reported in process

involving lithium intercalation.[43]

The PXRD for the MoS2 exfoliat-

ed only in toluene/NMP (without
PB) showed all characteristic

crystallographic peaks of bulk
MoS2, as can be seen in Fig-
ure 4 a (black line), confirming

the low degree of exfoliation.
The thermogravimetric analysis
(TGA) also allowed quantifying
the amount of PB anchored on
the MoS2, as illustrated in Fig-
ure 4 b. A weight loss of 8.5 % is

reported and we associated this

weight loss to the total amount
of PB. The TGA also was per-

formed in inert atmosphere to
avoid the formation of molybde-

num oxide. The weight loss cal-
culated was 6.1 % (see Figure S4,

Supporting Information). This

difference compared with the
result obtained in synthetic air is

correlated with solid residue
formed from PB, during the ther-

mal decomposition.
As described above, the exfoli-

ation process in a PB/toluene so-

lution allowed a grafted 2D-MoS2 with the polymer chains
bonded at the perimeter edges of the sheets to be obtained.

Evidently, the preferential location of the PB around the sheets
suggests a poor interaction of the polymer chains with the

basal planes of the MoS2. Thus, this grafted nanofiller can lead
to the development of a nanocomposite with controlled rein-
forcement. To demonstrate this hypothesis, we decided to in-

corporate the nanofiller in a very simple elastomeric formula-
tion, using PB as a polymeric matrix. As described in the Exper-
imental Section, the composite material was prepared by solu-
tion processing and the reticulation process was promoted by

sulfur addition only. Generally, some additives, such as zinc
oxide, carbon black, and plasticizers are added in PB rubber

formulation to increase the stretch and strain modulus of the

rubber. However, in this instance, these kinds of additives were
not used in order to evaluate the effect of the PB grafted 2D-

MoS2 on the mechanical properties of the nanocomposite.
During the composite preparation, all vulcanization parameters

were kept constant, such as temperature, time, and sulfur
amount. For this study only the amount of the nanofiller was

modified.

Figure 5 shows the cross-sectional SEM images of the nano-
composite and PB vulcanized elastomer. As revealed in Fig-

ure 5 a, a homogeneous dispersion of PB-grafted 2D-MoS2

nanosheets on the PB matrix is observed, even for a concentra-

tion of 30 wt % of the nanofiller. This observation confirms the
excellent chemical compatibility between the nanofiller and

Figure 3. XPS spectra of PB anchored on the MoS2 nanosheets. a) Mo3d peaks and b) S2p peaks for MoS2-PB.
c) C1s XPS analysis for the MoS2-PB and d) C1s only PB pure.
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the polymer matrix. Figure 5 b shows the SEM image of pure
PB vulcanized. The nanocomposite material prepared with dif-
ferent PB grafted 2D-MoS2 loading was mechanically character-
ized by tensile testing. Figure 6 a shows representative stress–

strain curves for composites filled with loading levels ranging
from 0 to 30 wt %. It is interesting to observe that the addition

of the MoS2 nanofiller promotes a significant modification in
the mechanical behavior of the PB vulcanized rubber.
With exception of the sample with 30 wt % of nano-

filler, it is evident, from the stress–strain curves, the
addition of the PB-grafted 2D-MoS2 promotes a de-

crease of the Young’s modulus and tensile strength
and an increase in the strain (see Figure 5 b).

It is well known that the tensile strength of vulcan-

ized elastomers largely depends on the ability of the
polymeric chain to untangle and align when a stretch-

ing force is applied. The reduction of the tensile
strength with the addition of a nanofiller suggests

that the filler is acting as a solid lubricant of the PB
chains. However, when we increased the filler load-

ing, the alignment of the MoS2 sheets starts to control the me-

chanical behavior of the nanocomposite, increasing the tensile
strength and decreasing the maximum strain. It is important to

point out that by controlling the filler content, it was possible
to obtain a composite material with high tensile strength and

high strain. For instance, the sample with 20 wt % of nanofiller
shows a tensile strength similar to the pure PB elastomer.

However, there was a strain improvement by more than three-

fold. The unusual mechanical behavior described before must
be a direct consequence of the PB polymer chains bonded at

the perimeter edges of the MoS2 sheets and the poor interac-
tion between the nonpolar polymer chain with the basal (001)

plane of the MoS2.

Conclusion

In summary, our experimental studies yield a novel approach

to produce, in a single step, the exfoliation and functionaliza-
tion of MoS2. We demonstrated that exfoliation process in

a PB/toluene solution allowed obtaining a grafted 2D-MoS2

with the PB polymer chains bonded at the perimeter edges of

the sheets. The grafted 2D-MoS2 is considered here a molecular

nanocomposite. This grafted 2D nanofiller creates possibilities
to introduce new functionality to the MoS2 sheets. For in-

stance, the use of this nanofiller to modify the mechanical be-
havior of a vulcanized PB elastomer observed unusual mechan-

ical behavior as function of filler concentration, which must be
related to preferential locations of the PB chains at the perime-

ter edges of the MoS2 sheets and the poor interaction between

Figure 4. a) PXRD pattern for the MoS2 exfoliated in PB solution (&), only tol-
uene/NMP solution (*), and bulk MoS2 (*). b) Thermogravimetric analysis
performed in synthetic air (bulk MoS2 : c ; MoS2 sonicated in toluene/NMP:
c ; MoS2 sonicated in a PB solution: c).

Figure 5. SEM images of molecular elastomeric nanocomposite with differ-
ent concentrations of MoS2-PB. a) Substantial amounts of 30 wt % MoS2

sheets in PB. b) Pure polybutadine vulcanized.

Figure 6. Mechanical measurement of molecular nanocomposite. a) Stress–strain curve
for different loadings of MoS2 sheets. b) Elongation modulus versus loading concentra-
tions.
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the nonpolar polymeric chains with the basal (001) plane. The
novel polymer-grafted 2D-MoS2 nanofillers can be applied to

the development of nanocomposites with a polyolefin matrix
processed in an extruder machine, opening new windows of

opportunities for the development of materials with superior
chemical resistance and low gas permeability.

Experimental Section

Materials

The MoS2 powder, polybutadiene Mw = 200,000 NMP and elemen-
tal sulfur were purchased from sigma Aldrich. Toluene (HPLC) was
purchased from Tedia.

MoS2 exfoliation

First, polybutadiene (20 g) was dissolved in toluene (300 mL) at
80 8C. After that, NMP (200 mL) and MoS2 (2 g, Aldrich) was added
in this polymer solution. The exfoliation process was carried out in
an ultrasonic bath model Branson (model 1510). In this case, the
closed bottle with MoS2/polymer was introduced in the ultrasonic
bath and kept for 6 days. After this time, the unexfoliated residual
MoS2 was centrifuged at 5000 RPM (3412 rcf). The greenish super-
natant was then centrifuged at 14 000 rpm for 1 h and a black
solid powder was obtained. This powder was washed three times
with toluene to remove the excess of PB. The washed powder was
easily dispersed in toluene and the concentration was calculated
to be 9 mg mL¢1. For a comparative experiment, the MoS2 was also
exfoliated in toluene/NMP mixture and sonicated, but without ad-
dition of PB. Since MoS2 instantly precipitated, no centrifugation
process was performed in this phase.

Molecular nanocomposite

Initially, the polybutadiene (3.0 g) was solubilized in toluene
(40 mL) at 80 8C. After that, elemental sulfur (0.3 g) was solubilized
in the polymer solution that corresponds to 10 wt % of sulfur in
100 % of polybutadiene. MoS2 (1 wt %) was added in the transpar-
ent solution of polymer/sulfur, under stirring for one hour at 80 8C.
The stable colloid (40 mL) of the MoS2-S8-polymer was spilled on
the PTFE container and dried at 80 8C. After that, all the greenish
paste was easily removed from the PTFE container. The greenish
paste (2.0 g) was compressed between two PTFE sheets and vul-
canized in a hot press at 150 8C for 60 min. The elastomeric poly-
mer formed was cooled at room temperature and cut in strips of
1 Õ 5 cm with a thickness of 1 mm. The same vulcanization process
was performed for different concentrations of MoS2 (5, 15, 20, and
30 wt %) in addition to a 100 wt % of polybutadiene whilst keeping
constant time, sulfur concentration, temperature, and pressure ap-
plied.

Characterization

Micro-Raman spectrum was collected in Synapse Horiba Jobin
Yvon with a Nd:YAG (wavelength of 532 nm). The single-crystal Si
was used as reference in the spectrum (Raman band at 520 cm¢1).
A TEM image was acquired with a Tecnai F-20 operating at 200 kV.
The crystallographic phase of the MoS2 nanosheets powder was
determined on a Rigaku D/MAX-2500 diffractometer using CuKa ra-
diation. FTIR spectra ware collected with a Bruker Equinox 55 spec-
trometer. TGA was performed on a Netzsch model STA 409 to de-
termine PB chains loss under synthetic air and nitrogen gas at

a heat rate of 10 8C.min¢1. The XPS analysis was obtained in a VG
Microtech ESCA 3000 spectrometer with a base vacuum of
3.10¢10 mbar, a 250 mm semi-hemispherical analyzer with nine
channeltrons, and AlKa nonmonochromatic radiation. For AFM char-
acterization the MoS2-PB was deposited onto a flashly cleaved
mica substrate. The measurement was performed using Nanosurf
Easyscan equipment.
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