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functionalization of LTMD nanosheets. Our basic strategy 
entails complete exfoliation of LTMDs followed by in situ 
polymerization of copolymers. Interestingly, the copolymer-
functionalized LTMDs nanosheets boost the dispersibility in 
solvents with different polarities. In addition, the dispersibility 
of the functionalized LTMD can be further tuned by adjusting 
the two segments on the copolymers. Surface tension com-
ponents, polarity and coordination effects of the copolymer 
are found to be the main factors affecting the dispersibility of 
the functionalized LTMDs in different solvents. The effect of 
improved dispersibility is clearly demonstrated in the enhanced 
mechanical and thermal behaviors of the composites. Further-
more, it is intriguing that this functionalization method is 
universal to be applied to other LTMDs, such as MoSe 2 , WS 2 , 
and WSe 2 . As a result, this method is promising for processing 
LTMDs nanosheets in different solvents and composites, an 
application area where LTMDs nanosheets are expected to play 
an important role in the near future. 

 While electronic and optical devices require the design of 
suitable patterns to govern their properties, the principle moti-
vating factor for the functionalization of LTMDs is the inte-
gration and compatibility of solvents and condensed-phase 
systems. In this work, we use MoS 2  nanosheets as the model 
for functionalization since it is the most studied instance of a 
quasi-2D LTMD. It has been concluded that bulk MoS 2  con-
sists of 2D layers held together by weak van der Waals forces 
and proper solvents enable the successful exfoliation of MoS 2 . 
In current work, a non-toxic mixture of 2-propanol (IPA)/
water (7:3 by volume) was used for the liquid phase exfolia-
tion (LPE) of bulk MoS 2  powder. It exhibited similar exfoliation 
effi ciency as conventional N-methyl-2-pyrrolidone, [ 7,12 ]  while 
its low boiling point further facilitated functionalization. Cova-
lent functionalization of LTMDs has been relatively limited on 
account of LTMDs’ strong chemical stability within reactive 
organic and aqueous systems. Consequently, researchers have 
pursued highly reactive radical-based functionalization strate-
gies to impart specifi c properties to LTMDs. Following suit, [ 13 ]  
after LPE of MoS 2 , several polystyrene (PS)–polyacrylamide 
(PAM) grafted copolymers were synthesized simultaneously on 
exfoliated MoS 2  nanosheets by in situ living free-radical poly-
merization ( Figure    1  a). Details on the synthesis are provided 
in the Experimental Section of the Supporting Information, 
Section S1, while the formulation for the synthesis of PS-PAM-
LTMDs nanocomposites can be found in Table S1 of the Sup-
porting Information. The dispersibility of PS-PAM copolymer 
functionalized MoS 2  nanocomposites (PS-PAM-MoS 2 ) was 
tested in a number of solvents, including hexane, carbon tetra-
chloride (CCl 4 ), xylene, n-butyl alcohol (NBA), tetrahydrofuran 
(THF), IPA, chloroform (CHCl 3 ), acetone, acetonitrile (ACN), 

  Layered transition-metal dichalchogenides (LTMDs) have 
recently attracted critical attention due to their potential applica-
tions in optoelectronics, catalysis, and composite synthesis. [ 1–3 ]  
However, LTMDs sheets tend to irreversibly subside in solu-
tions since they restack within a short period of time. [ 4,5 ]  LTMD-
based materials need to be suffi ciently dispersible in different 
solvents. [ 6 ]  Thus, the ability to exfoliate and chemically modify 
the surface of LTMDs sheets is an imperative for practical appli-
cations such as nanocomposite synthesis and energy storage. 

 Recently, the functionalization of LTMDs [ 7,8 ]  to improve 
their dispersibility through covalent and non-covalent routes 
has been a research hot spot. [ 5,9 ]  Furthermore, functionaliza-
tion of LTMDs with different kinds of polymers is of particular 
interest, which can greatly enhance the compatibility of the 
functionalized LTMDs in polymer matrix. [ 10 ]  As to the func-
tionalization and dispersion of LTMDs with polymers, from 
the scientifi c point of view, three issues are of great concern: (i) 
how are surface conditions affected by polymers?; (ii) what are 
the main factors underlying the process of stabilization?; (iii) 
can the dispersibility and stability of the functionalized LTMDs 
nanosheets be controlled? So far, on the one hand, different 
functionalized LTMDs nanosheets can only be dispersed in cer-
tain solvents, while amphiphilic ones that can be dispersed in 
both water-miscible solvents with high polarity (such as water 
and methanol) and organic solvents with low polarity (such 
as xylene and hexane) have rarely been explored. On the other 
hand, the interactions between polymers and LTMDs in the 
functionalization process are scarcely discussed. 

 Therefore, although signifi cant progress toward functionali-
zation of LTMDs has been made, precisely tuning and studying 
their surface properties is still a great challenge. [ 2,11 ]  Herein, 
for the fi rst time, we demonstrate a solution to the issue of 
amphiphilic LTMDs by systematically studying copolymer 
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dimethyl formamide (DMF), methanol, and water. Compared 
to pristine MoS 2 , PS-PAM-MoS 2  disperses well in these sol-
vents and yields homogeneous solutions (Figure  1 b). These 
solutions can last for weeks, indicating the excellent stability of 
PS-PAM-MoS 2 .  

 To further demonstrate the effi cacy of our method, the dis-
persibilities of PS-PAM-MoS 2  with different copolymer weight 
percentages are presented in  Figure    2  . Generally, compared 
to pristine MoS 2 , all the PS-PAM-MoS 2  nanocomposites dis-
persed much better in solvents with different polarity (1-2 
orders of magnitude higher). When the weight ratio of PS to 
MoS 2  was fi xed, a higher amount of PAM facilitated disper-
sion of the nanocomposites in high polar solvents like water, 
while a higher amount of PS promoted dispersibility in sol-
vents with lower polarity such as hexane and DMF (Figure  2 a). 
In another case, when the weight ratio of PS to PAM was 
fi xed, nanocomposites with different amounts of MoS 2  also 

demonstrated dissimilar dispersibilities (Figure  2 b), which 
implies that the contents of the PS-PAM copolymer heavily 
infl uenced the dispersibility of the nanocomposites. Typical 
UV–vis spectra of PS 20 -PAM 10 -MoS 2  nanosheets suspended 
in different solvents (water, DMF, and hexane) are shown in 
Figure S1 of the Supporting Information. The PS 20 -PAM 10 -
MoS 2  nanosheets suspensions feature two distinct peaks 
around 629 and 675 nm, which can be attributed to charac-
teristic direct excitonic transitions (A 1  and B 1 ) with the energy 
split from valence band spin-orbital coupling. [ 12 ]  We attribute 
the enriched dispersibility of the nanocomposites to the wrap-
ping of in situ polymerized PS-PAM on MoS 2  nanosheets after 
the propagation and adsorption of PS-based macro radicals, 
which reduces van der Waals interactions and promotes the 
isolation of MoS 2  sheets in solution. Consequently, in accord-
ance with the rule of “like dissolves like”, the PS component 
boosts the dispersibility of PS-PAM-MoS 2  in solvents with low 
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 Figure 1.    a) Process for preparation of PS-PAM-LTMDs nanocomposites; b) Photographs of pristine MoS 2  (upper row) and PS-PAM-MoS 2  (lower row) 
dispersed in different solvents.
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polarity, while the hydrophilic PAM part enhances dispersion 
in high polar ones. [ 8,14 ]   

 It is known that the functionalization of LTMDs is critical 
for tailoring their surface properties to specifi c solvents and 
environments. [ 7 ]  To gain deeper insight into factors infl u-
encing the nanocomposites’ dispersibility, the surface tension 
components of the PS-PAM-MoS 2  nanosheets were character-
ized and analyzed side by side (Figure  2 c). Clearly, as PAM 
segment ratios increase, polar component accentuates. On the 
other hand, as the PS segment ratios increase, the dispersive 
component is boosted. Both trends are consistent with the 
dispersibility of the nanocomposites in solvents with different 
polarities. 

 X-ray diffraction (XRD) analysis of the MoS 2 -based mate-
rials was performed to validate the LPE and functionalization 
processes. Compared to pristine MoS 2 , it can be clearly seen 
that the intensities of the main peaks of PS-PAM-MoS 2  nano-
composites decreased by more than two orders of magnitude 
(Figure S2, Supporting Information). Such indicates that during 
LPE treatment, the MoS 2  crystals reduced in size and the crys-
tallinity was further decreased with the in situ polymerization 
process. In addition, obvious broadening of the peaks in the 
diffraction patterns was also observed, which suggests the exist-
ence of crystallites in varying nanoscale dimensions during 
functionalization. [ 15 ]  

 Thermogravimetric analysis (TGA) analysis was used to 
characterize the thermal properties of the functionalized MoS 2  
nanosheets. Figure S3 of the Supporting Information illustrates 
the TGA curves of raw MoS 2 , PS-PAM, and PS-PAM-MoS 2  nano-
composites, while Table S2 of the Supporting Information dis-
plays the T max  (temperature for the maximum decomposition) 
of the two peaks and residues of the samples. The obvious dif-
ference between the thermal stability of raw MoS 2  and PS-PAM 
helps us determine the content of the copolymer in PS-PAM-
MoS 2  nanocomposites. It can be found that raw MoS 2  is ther-
mally stable in argon atmosphere. In sharp contrast, PS-T and 
PS-PAM demonstrate 100% weight loss at 500 °C, far below the 
initial decomposition temperature of raw MoS 2 . The contents of 
PS-PAM grafted on MoS 2  nanosheets determined by TGA are 
between 16 and 56 wt%. Furthermore, the PS-PAM-MoS 2  nano-
composites demonstrate signifi cantly different weight loss curves 
and thermally degrade in two stages between 150–350 °C and 
350–500 °C. We attribute the fi rst stage to the decomposition of 
PAM chains and the second stage to the pyrolysis of PS chains. [ 16 ]  
Compared to PS-PAM, the decomposition temperatures of 
PS-PAM-MoS 2  nanocomposites are much higher than those of 
PS-PAM, which is mainly a result of the barrier effect provided 
by the exfoliated MoS 2  in the nanocomposites. 

 To study the thickness and morphology of functionalized 
LTMDs, more than 200 nanosheets of exfoliated PS 20 -PAM 10 -MoS 2  
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 Figure 2.    Dispersibility of PS-PAM-MoS 2  nanocomposites at 629 nm with different ratios of PS, PAM, and MoS 2 . a) The ratio of PS to MoS 2  was fi xed; 
b) the ratio of PS to PAM was fi xed) in different kinds of solvents of hexane (low polarity), DMF (medium polarity), and water (high polarity). c) Surface 
tension components of different PS-PAM-MoS 2  nanocomposites. Histogram of the numbers of various fl ake thicknesses of PS 20 -PAM 10 -MoS 2  obtained 
by d) AFM and e) SEM. f) High-resolution TEM analysis of typical exfoliated PS 20 -PAM 10 -MoS 2  nanosheets. The arrows depict the position of the MoS 2  
and assembled PS-PAM (insets are the reduced FFT patterns of the corresponding HRTEM images).
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N were randomly selected and analyzed by atomic force micro-

scopy (AFM). A distribution of the thickness was obtained. 
As shown in Figure S4a of the Supporting Information, the 
exfoliated MoS 2  nanosheets are separated from each other, 
suggesting high dispersibility. Compared to a typical thick-
ness for pristine exfoliated MoS 2  of about 1.1 nm, the Gauss 
fi tting thickness of PS 20 -PAM 10 -MoS 2  is substantially higher 
(Figure  2 d) due to the assembled and coated PS-PAM chains 
on the surfaces of MoS 2  sheets. Scanning electron microscope 
(SEM) image of the exfoliated MoS 2  shows submicrometer-
sized nanosheets are fi nely distributed over the silicon wafer 
substrate (Figure S4b, Supporting Information). After function-
alization with PS-PAM, the coatings on the surface of exfoliated 
MoS 2  can be clearly seen (Figure  2 e). 

 Transmission electron microscopy (TEM) was employed to fur-
ther analyze the morphology of the samples. As indicated by the 
obscure image-which would be otherwise clear for highly crys-
talline MoS 2  at the same magnifi cation (Figure S4c, Supporting 
Information)-the surface of PS 20 -PAM 10 -MoS 2  was coated with 
an amorphous layer (Figure  2 f). In fact, only part of the smooth 
edge of MoS 2  sheet is visible (lattice spacing of 0.274 nm is cor-
responding to (100) plane of MoS 2 ), [ 17 ]  while the rest is coated 
with the amorphous layer. The high-resolution TEM (HRTEM) 
image indicates that some parts of MoS 2  are embedded in the 
PS-PAM layers, which is a factor of the random assembling 
and coating of PS-PAM on exfoliated MoS 2 . This fi nding is also 
consistent with SEM and AFM images. [ 3 ]  Fast Fourier trans-
form (FFT) patterns of the different components (indicated by 
black arrows) clearly demonstrate disparities (exfoliated MoS 2  as 
series of highly ordered diffraction spots, while the amorphous 
PS-PAM copolymer appears as dispersive circles), and feature the 
PS-PAM copolymer coating MoS 2  crystals. In addition, the con-
nection between the PS-PAM-MoS 2  nanocomposites can also be 
detected (Figures S5–S7, Supporting Information). 

 Since chalcogen atoms in the basal plane of LTMDs nano-
sheets are saturated and fairly unreactive, they tend to remain 
inert during chemical functionalization. Knowing this, we 
attempted to functionalize MoS 2  via in situ polymerization. 
Fourier transform infrared spectroscopy (FTIR) was used to 
obtain information regarding the nature of chemical bonds at 
the surface modifi cation ( Figure    3  a). MoS 2  shows its typical 
peak at 1096 cm −1 . The fi nger trace related to PS is observed 
at 1450 cm −1  with stretching of benzene, while the weak 
peak around 3400 cm −1  is from the N–H stretching mode in 
PAM. [ 18 ]  A typical amide group constituent has three charac-
teristic peaks: the fi rst is at 1660 cm −1  (Amide I), representing 
the C  O stretching vibration of the amide group. The second 
peak resides around 1610 cm −1  (Amide II), which is primarily 
due to the   NH 2  bending vibration of the amide group. The 
third one is the   CN stretching vibration of the amide group at 
1425 cm −1 . [ 18 ]  Evidently, the ratio of the intensities of the above 
three characteristic peaks remained unchanged as compared 
to the initial styrene and acrylamide monomers. However, the 
characteristic peaks of PAM (Figure  3 b) and MoS 2  (Figure  3 c) 
change with different amounts of PS-PAM. In particular, the 
peak of N  H undergoes red-shift, which is indicative of the 
metal ligand and   NH 2  bonding. [ 19,20 ]   

 To confi rm the successful surface modifi cation of the samples 
from a chemical component standpoint, X-ray photoelectron 

spectroscopy (XPS) was conducted. From the entire spec-
trum of PS 20 -PAM 10 -MoS 2  (Figure S8, Supporting Informa-
tion), fi ve elements, namely, C, O, N, Mo, and S exist. The 
N 1s spectrum of PS-PAM was deconvoluted into two peaks 
with binding energies at 399.2 and 401.5 eV, corresponding 
to NH 2  and N (the hydrogen bonding effect in pure PS-PAM 
is the dominate intermolecular force), respectively. [ 21 ]  For the 
N 1s of PS 20 -PAM 10 -MoS 2 , the peak at 399.2 eV still exists but 
the peak corresponding to intermolecular force resides at a 
lower energy (401.0 eV), suggesting that other forces between 
PS-PAM and MoS 2  exist (Figure  3 d). [ 20 ]  Two peaks at 232.7 and 
229.5 eV, for Mo 3d 3/2  and 3d 5/2 , respectively, can be observed 
in liquid exfoliated MoS 2 , verifying the dominant 2H phase 
in LPE MoS 2 . [ 22 ]  However, these peaks are slightly shifted in 
PS 20 -PAM 10 -MoS 2  (Figure  3 e). In addition, two other peaks 
emerged, one at 233.6 and the other at 230.4 eV, testifying to 
the effect between PS-PAM and MoS 2  (mainly the coordina-
tion effect between metal and organic groups). [ 17 ]  Moreover, 
both the E 1  2g  and A 1g  modes of PS 20 -PAM 10 -MoS 2  were red 
shifted compared to the Raman spectrum of pristine MoS 2 , 
which connotes a possible reaction between PS-PAM and MoS 2  
(Figure S9, Supporting Information). Therefore, in accord-
ance with the references [ 7,20,21 ]  and considering FTIR, XPS, 
and Raman results, a distinct coordination effect between 
NH 2  and Mo leads to the functionalization of PS-PAM-
MoS 2 . Moreover, the dispersions of the functionalized MoS 2  
nanosheets in different solvents are quite stable (Figure S10, 
Supporting Information), which further enhances their 
potential application in different fi elds. 

 Fully atomistic molecular dynamics simulations were car-
ried out to better understand the role of PS-PAM copolymer 
on MoS 2  layers. Figure  3 f demonstrates the interaction energy 
between MoS 2  layers as a function of the number of polymer 
chains inserted between them. As expected, the separation 
between layers increases as the number of chains increases, 
and this leads to smaller attraction between the MoS 2  sheets. 
As a result, the energy needed to separate the sheets decreases. 
This correlates well with the observation that, for a fi xed 
PS-PAM ratio, dispersibility increases when the copolymer con-
centration levels are elevated (Figure  1 b). Interestingly, rather 
nonlinear jumps in the interlayer energy were observed as 
the concentration increased. The effect of PS-PAM copolymer 
on the sliding of the sheets was further studied with steered 
molecular dynamics and the potential of mean force. From 
Figure  3 f, it can be seen that the introduction of copolymer 
causes an increase in the necessary energy to slide the sheets. 
For a copolymer concentration of 14.4 wt%, we observe two 
possibilities for the initial confi gurations. However, when the 
copolymer concentration is decreased to 7.7 wt%, no bound 
in all the edges was observed since the MoS 2  sheets did not 
change their curvature enough to allow the bound edges with 
the low concentration of copolymer. The highest energy neces-
sary to displace the sheets was found at a copolymer concen-
tration of 14.4 wt% and when the sheet edges were bounded. 
This behavior can be explained by considering how an applied 
external force needs to bend the sheets and displace the 
copoly mer, which is wrapped by the sheets. The second highest 
energy to displace the sheet occurs when the polymer con-
centration is 7.7 wt%. For that particular concentration, we 
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observed that the sheets were in contact in some regions but 
during the pulling procedure the sheets needed to change 
their shapes and also displace the copolymer (see Figure  3 g, 
Movie S1, Figure S11, and detailed discussion in Section 3 of 
the Supporting Information). 

 As a typical layered inorganic material, if MoS 2  nanosheet 
could be perfectly exfoliated and dispersed in polymers, the 
resulting physical barrier would inhibit the diffusion of heat, 
facilitate load transfer in the matrix, and effectively amelio-
rate their thermal stabilities and mechanical properties. PS, 
which can be dissolved in xylene, a solvent with low polarity, 

was selected as the polymer matrix to study the effect of 
PS-PAM-MoS 2  composites on their thermal and mechanical 
properties. Figure S12a,b of the Supporting Information shows 
the thermal stabilities of PS-based composites with different 
kinds and amounts of nanofi llers. It can be observed that T max  
and T 10%  (temperature for 10% decomposition) of all the compos-
ites are much higher than those of pure PS. After adding 1 wt% 
PS 20 -PAM 10 -MoS 2 , T max  and T 10%  of the composites increased 
to 436 and 425 °C, which are 24 and 31 °C higher than those 
of pure PS, respectively. This indicates that the presence of 
exfoliated PS-PAM-MoS 2  can effectively defer the thermal 
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 Figure 3.    a–c) FTIR spectra of PS-PAM and PS-PAM-MoS 2  nanocomposites; d) high XPS resolution N 1s of PS-PAM and PS 20 -PAM 10 -MoS 2 ; e) Mo 3d 
of MoS 2  and PS 20 -PAM 10 -MoS 2 ; f) Interlayer energy (blue circles) and interlayer distance (yellow squares) for two MoS 2  sheets as a function of the 
number of polymer chains inserted between them; g) potential of mean force calculated for the four possibilities considered.
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ness, a tensile test was conducted using a microtensile tester 
with a 200 N load cell. As shown in Figure S12c,d of the Sup-
porting Information, the tensile strength and tensile modulus 
of the PS matrices tend to increase in tandem with the addition 
of PS-PAM-MoS 2 . Since PS-PAM-MoS 2  has excellent compat-
ibility with xylene, the solvent used for fi lm preparation, and 
with the PS matrix, fracture energy can be increased and crack 
propagation can be abated by bringing up the crack faces of 
PS-PAM-MoS 2 . Among all tested nanofi llers, PS 20 -PAM 10 -
MoS 2  with 1 wt% provided the best reinforcement effect for 
PS resin, boasting 84.3% and 97.2% improvement of tensile 
strength and modulus, respectively. The notable improvement 
can be attributed to the functional groups on PS-PAM-MoS 2 , 
which affect compatibility in the PS matrix. When the amount 
of PS-PAM-MoS 2  increases beyond 4 wt%, its dispersibility 
across the matrix is undermined and consequently thermal 
and mechanical performances attenuate (Table S3, Supporting 

Information). Because of its high surface energy, large aspect 
ratio, and elevated viscosity, it becomes more diffi cult for the 
PS-PAM-MoS 2  to disperse in the resin when intensifying 
its concentration, resulting in less energy dissipating in the 
system. High-resolution SEM images of the fractured surfaces 
of the sample after a tensile test (as shown in Figure S12e, Sup-
porting Information) were used to investigate the dispersion 
and compatibility of PS-PAM-MoS 2  in a PS matrix. It can be 
clearly observed that the fractured surface forms a homoge-
neous network with the proper amount of PS-PAM-MoS 2 . A 
similar morphology is observed as the cryogenically fractured 
surface (Figure S12f, Supporting Information), displaying the 
unidirectional stripes of bearing load. In addition, the cross-
sectional morphologies of pure PS are riddled with random 
fracture lines (Figure S13a,b, Supporting Information), while 
agglomeration of PS 20 -PAM 10 -MoS 2  was observed on the sur-
face of PS-2-2 fi lm (Figure S13c,d, Supporting Information) 
after tensile test. Similar results can be found in PEO-based 
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 Figure 4.    a,b) Comparison of photographs and UV–vis results of LTMDs and PS-PAM-LTMDs in different solvents. MoSe 2  and PS-PAM-MoSe 2 ; c,d) WS 2  
and PS-PAM-WS 2 ; e,f) WSe 2  and PS-PAM-WSe 2 .
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composites (PEO is a water soluble polymer), which also demon-
strated mechanical and thermal properties improvement with 
little amount of PS-PAM-MoS 2  (Figures S14–S16 and Table S4, 
Supporting Information). 

 To this end, we have demonstrated that in situ copolymer 
polymerization is capable of covalently functionalizing MoS 2  
nanosheets. Actually, this strategy is universal and can be 
applied to other LTMDs. For example, similar function-
alization of exfoliated MoSe 2 , WS 2 , and WSe 2  nanosheets 
were achieved.  Figure    4   illustrates how PS-PAM copolymer 
functionalized LTMDs can be dispersed better in different 
kinds of solvents compared to pristine LTMDs. Thus, this 
method to fi rst exfoliate and then second modify the surface 
of the LTMDs nanosheets in a controlled fashion with amphi-
philic copolymer offers viable routes toward technological 
application such as nanocomposites, catalysis, and energy 
storage.  

 In summary, we have prepared PS-PAM-LTMDs nano-
composites with different ratios of PS, PAM, and LTMDs. 
Apart from the polarity of the copolymer, the coordination 
effect between the PAM and LTMDs has been demonstrated 
to be pertinent to the formation of these nanocomposites. 
Moreover, surface tension components proved to be other 
important factors governing suffi cient functionalization 
and further dispersion in different solvents. Our method 
is broadly applicable since it can be achieved by tuning the 
hydrophilic–hydrophobic balance and the chemical proper-
ties of the side chains. The excellent dispersibility of func-
tionalized LTMD-based nanocomposites in different kinds of 
solvents opens up new opportunities for solution-phase 2D 
materials processing.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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