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A B S T R A C T   

Polypropylene (PP)/multi-walled carbon nanotubes (MWNTs) nanocomposites with excellent toughness and 
ductility pose significant challenges because of the severe aggregation of MWNTs in non-polar PP matrix due to 
the incompatibility. In this work, lithium bis(trifloromethanesulfonyl) imide (Li-TFSI) and maleic anhydride 
grafted polypropylene (MAPP) have been simultaneously introduced to modify MWNTs for the homogenous 
dispersion in PP matrix. The surface of MWNTs has strong “π-cation” interactions with the Liþ ions of Li-TFSI. At 
the same time, Li-TFSI can promote the ring-opening of the maleic anhydride and form coordination with the 
newly formed carboxylate. Therefore, the combination of Li-TFSI/MAPP enhanced the compatibility between PP 
and MWNTs. The Li-TFSI/MAPP modified MWNTs can be dispersed uniformly in the polypropylene. The elon-
gation at break and the toughness of the nanocomposites with the 3 wt % modified MWNTs are 800% and 26 kJ/ 
m2, respectively. The values are significantly higher than those of the samples (200% and 22 kJ/m2) at the same 
MWNTs loading. The strategy paves new possibility to fabricate high performance PP nanocomposites.   

1. Introduction 

Carbon nanotubes (CNTs) have been considered to be one of the most 
promising nanofillers for polymer matrix, not only because of the 
excellent mechanical/electrical properties, high aspect ratio, good 
chemical and thermal stabilities of CNTs, but also the relatively low 
costs as compared with other nanofillers [1]. However, the CNTs have 
high surface energy and are easy to form aggregates, so the uniform 
dispersion of CNTs in polymer matrix is always a great challenge for the 
fabrication of polymer/CNTs nanocomposites [2–5]. One of the most 
effective modification methods is the covalent chemical bonding of 
polymer chains to CNTs, which involves “grafting from” and “grafting 
to” strategies [6–8]. However, the chemical grafting not only induces 
the destruction of the conjugate structure of CNTs but also is a tedious 
process [9–12]. Physical CNTs modification by surfactants or wrapping 
CNTs with polymers is preferred in both academia and industry [13–15]. 
Unfortunately, the physically modified CNTs are usually dispersed in 
polymers with high polarity because most of modifiers are polar 
chemicals. 

Polypropylene (PP) is one of the most widely used thermoplastics. 
Blending PP with CNTs to form nanocomposites leads to not only the 
enhanced mechanical properties but also the new functionalities 

[16–18], which significantly increases the potential applications of PP in 
industry. However, the fabrication of PP/CNTs nanocomposites with 
homogeneously dispersed CNTs pose challenges due to its non-polar 
nature. Both chemical grafting and physical modification of CNTs 
have been proposed for the dispersion in PP matrix. The in-situ poly-
merization involves dispersing CNTs in propylene monomer followed by 
polymerization. Since the lack of reactive groups of pristine CNTs, 
functionalization of CNTs were necessary [17–22]. Kovalchuk et al. [17] 
reported the in-situ polymerization approach to achieve high perfor-
mance PP/MWNTs nanocomposites using methylaluminoxane (MAO) 
catalysts. The MAO molecules were chemically grafted to the surface of 
oxidized MWNTs to form catalyst active species that yielded PP chains to 
attach on MWNTs. Another approach is to acidify the CNTs at first and 
then add the maleic anhydride grafted polypropylene (MAPP) as com-
patibilizer to improve the dispersion of the acidified CNTs. The strong 
hydrogen bonding between maleic anhydride group of MAPP and 
carboxyl group of the acidified CNTs has been proposed for the good 
dispersion of CNTs [20–22]. Prashantha et al. [22] found the tensile 
strength and modulus of the PP/CNTs/MAPP composites increased 
compared with PP/CNTs composites. On the other hand, physical ap-
proaches to disperse CNTs in PP matrix such as ultrasonic treatment or 
adjustment processing technology have also been reported. Isayev et al. 
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[23] prepared PP/CNT nanocomposites using masterbatch dilution 
method with ultrasonic treatment. For the prepared PP/CNT compos-
ites, the yield strength and modulus increase with CNT concentration, 
but the elongation at break decreased with increasing CNT content. In 
addition, Xiao and his co-worker [24] prepared PP/MWNTs nano-
composites through dynamic packing injection molding, the tensile 
strength and impact strength of composites increased simultaneously 
with 0.6 wt % MWNTs. 

Considering the conjugate structure of CNTs, specific “π-cation” in-
teractions have been used to modify CNTs and great success has been 
achieved for the ionic liquids modified CNTs for polymer nano-
composites [25–30]. However, the ionic liquids modified CNTs are still 
limited for the application in polyolefin because of the drastic polarity 
difference between ionic liquids and non-polar polyolefin. On the other 
hand, our previous work demonstrated the specific interactions between 
lithium bis(trifloromethanesulfonyl) imide (Li-TFSI) and maleic anhy-
dride grafted polypropylene (MAPP) [31]. Therefore, we consider that 
Li-TFSI may bridge the MAPP and CNTs because of the binary in-
teractions of Li-TFSI with MAPP and CNTs. The modified CNTs by the 
combination of Li-TFSI and MAPP may be homogeneously dispersed in 
the PP matrix because the PP segments of MAPP can entangle with the 
PP molecular chains in matrix. In this work, we have first confirmed the 
specific Li-TFSI interactions with both CNTs and MAPP followed by the 
fabrication of PP nanocomposites based on the modified CNTs. 

2. Experimental section 

2.1. Materials 

Polypropylene (PP, AH561) was commercially available from 
Sumitomo Co., Ltd (Japan) with a density of 900 kg/m3 and a melt flow 
index (MFI) of 3 g/10min (230 �C/2.16 Kg). Multi-walled carbon nano-
tubes (MWNTs, VGCF-X) were purchased from Showa Denko K. K. 
(Japan). The diameter and length of MWNTs were approximately 15 nm 
and 3 μm, respectively. The MWNTs were used as received without 
further treatment. Maleic anhydride grafted polypropylene (MAPP, 

Fig. 1. Morphologies of the surface of MWNTs with TEM image of (a) pristine MWNTs; (b) MWNTs/Li-TFSI; (c) MWNTs/Li-TFSI/MAPP.  

Fig. 2. Raman spectra of pristine MWNTs, MWNTs/Li-TFSI, MWNTs/MAPP 
and MWNTs/Li-TFSI/MAPP. 

Fig. 3. (a) FTIR spectra of different ratio Li-TFSI with MAPP; (b) UV spectra of 
different ratio Li-TFSI with MAH. 
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CMG9801) were brought from Sunny Co., Ltd (China) and Maleic an-
hydride (MAH) ratio is about 0.8 wt %. Lithium bis(tri-
fluoromethanesulfonyl)imide (Li-TFSI) was supplied by Solvay Co., Ltd 

(Belgium). 

Fig. 4. TGA (a) and derivative thermogravimetric (b) curves for Li-TFSI, MAPP, MAPP/Li-TFSI and MWNTs/Li-TFSI/MAPP samples.  

Fig. 5. Low (a, b and c) and high (b’ and c’) magnification SEM images (a) PP/MWNTs, (b and b’) PP/MWNTs/Li-TFSI, and (c and c’) PP/MWNTs/Li-TFSI/MAPP 
nanocomposites. 

Fig. 6. TEM images for (a) PP/MWNTs/Li-TFSI and (b) PP/MWNTs/Li-TFSI/MAPP.  
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2.2. Sample preparation 

2.2.1. Modification of MWNTs 
The mixture of Li-TFSI and MWNTs was dissolved in DMF and stirred 

for 4 h at room temperature to prepare Li-TFSI modified MWNTs. 
Meanwhile, MAPP was dissolved in xylene at 140 �C with 4 h stirring. 
After that, the Li-TFSI modified MWNTs were added to the hot MAPP 
solution and the mixed solution was kept stirring for 12 h at 140 �C to 
prepare the Li-TFSI/MAPP modified MWNTs. The mass ratio between 
MWNTs, Li-TFSI and MAPP was 3:1:1. 

2.2.2. Preparation of PP/MWNTs nanocomposites 
The PP/MWNTs nanocomposites were prepared by a batch mixer 

(Haake Polylab QC) with a twin screw at 50 rpm and 190 �C for 5 min. 
After melt-mixing, all samples were hot-pressed at 200 �C under 10 MPa 
into films 500 μm thick, then cold pressed at 20 �C. The obtained films 
were used for the following characterization. 

2.3. Characterization 

The dispersion of MWNTs in the PP matrix was observed using a field 
emission scanning electron microscope (FESEM). The samples were 
fractured by immersion in liquid nitrogen for 15 min and drying under 
vacuum oven for 4 h at 50 �C. The fractured surfaces of all samples were 
gold-coated and observed with a Hitachi S-4800 SEM at an accelerating 
voltage of 3.0 kV. 

Transmission electron microscopy (TEM) was also used to observe 
the dispersion of MWNTs in the PP matrix. All the samples were ultra-
microtomed in liquid nitrogen to obtain approximate 80 nm thickness 
sections and observed with Hitachi HT-7700 at an accelerating voltage 
of 100 kV. 

Tensile tests were carried out using an Instron universal material 
testing system (model 5966) at room temperature with a crosshead 
speed of 10 mm/min and a gauge of 20 mm. The standard dumbbell 
shaped tensile samples were prepared by a micro injection molding. At 
least five samples were tested and a mean value was reported. 

Thermogravimetric analysis (TGA) measurements were carried out 
using a thermogravimeter (TA-Q500) from 30 �C to 600 �C with heating 

rate of 10 �C/min in N2 atmosphere. 
Differential scanning calorimetry (DSC) tests were carried out using 

a differential scanning calorimeter (TA-Q2000). All the samples were 
first heated to 220 �C with 10 �C/min and held isothermally for 5 min to 
eliminate thermal history, and then the samples were cooled to 30 �C 
with 10 �C/min, followed by heating again to 220 �C. The experiments 
conducted in a continuous N2 atmosphere. 

The Fourier transform infrared (FTIR, Bruker Tensor) spectroscopy 
measurements were carried out in transmittance mode on hot-pressing 
film samples using a FTIR spectrometer. The FTIR spectra were recor-
ded at a resolution of 2 cm� 1, and 64 scans from 4000 to 400 cm� 1 were 
averaged. Raman spectra were recoded with Raman system (Bruker, 
Karlsruhe, Germany) using a 543 nm HeNe laser as excitation source. 

The morphologies of PP/MWNTs blends were imaged with a polar-
ized optical microscope (POM, Olympus BX51-P) equipped with a hot 
stage unit. All samples were heated to 200 �C to observe the dispersion of 
MWNTs. 

3. Results 

3.1. Modification of MWNTs by combination of Li-TFSI and MAPP 

Ionic liquids (ILs) have been reported to show strong“π-cati-
on”interactions with CNTs and such interactions have been used to 
fabricate polymer nanocomposites with the homogeneously dispersed 
CNTs [25–30]. On the other hand, the specific interactions between 
Li-TFSI and MAPP have also been reported [31]. Therefore, we proposed 
the modification of MWNTs by the combination of Li-TFSI and MAPP. 
Fig. 1 shows the TEM images of pristine MWNTs, the Li-TFSI modified 
MWNTs and the Li-TFSI/MAPP modified MWNTs. The average diameter 
of pristine MWNTs (Fig. 1 (a)) is about 18 � 1 nm, and the surface is 
relatively smooth. However, one could find some black dots close to the 
MWNTs (Fig. 1 (b)) after treated by Li-TFSI. Moreover, the Li-TFSI 
treated MWNTs have the average diameter of about 21 � 2 nm. Inter-
estingly, the surface structure of MWNTs changed significantly after 
being modified by both Li-TFSI and MAPP, as shown in Fig. 1 (c). The 
diameter of MWNTs increases to about 26 � 2 nm and a clear layer can 
be found around the surface of MWNTs. The fact that the diameter of 

Fig. 7. POM images for (a) PP/MWNTs; (b) PP/MWNTs/MAPP; (c) PP/MWNTs/Li-TFSI; (d) PP/MWNTs/Li-TFSI/MAPP.  
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MWNTs increases obviously after the Li-TFSI/MAPP treatments means 
that Li-TFSI/MAPP has been coated onto the MWNTs surface. 

It is important to investigate the interactions among MWNTs, Li-TFSI 
and MAPP. Fig. 2 shows the Raman spectra of pristine MWNTs and 

modified MWNTs with various modifiers. The G-band (1570 cm� 1) 
corresponds to the in-plane stretching of sp2 hybridized carbon and D- 
band (1335 cm� 1) of MWNTs is attributed to the presence of disorder in 
sp2 hybridized carbon materials [32]. Compared with pristine MWNTs, 
the G-band and D-band for the Li-TFSI modified MWNTs are shifted to 
1572 cm� 1 and 1342 cm� 1, respectively. For Li-TFSI/MAPP modified 
MWNTs, both G-band and D-band shift to the higher wavenumbers, 
which can be attributed to the possible “π-cation” interactions between 
Li-TFSI and MWNTs [26]. Moreover, compared with pristine MWNTs, 
the ID/IG ratio for MWNTs decreased significantly after surface treat-
ment by the combination of Li-TFSI and MAPP. These phenomena mean 
that the regularity of MWNTs after the modification has been improved. 
Interestingly, the ID/IG of single treated MWNTs by Li-TFSI or MAPP is 
almost similar to pristine MWNTs, indicating the combination of Li-TFSI 
and MAPP plays the critical role for changing the surface structure of 
MWNTs. Note that the no interactions can be observed between MWNTs 
and MAPP, as evidenced by the almost same peak position and the ID/IG 
ratio as pristine MWNTs. 

For further understanding the relationship between Li-TFSI and 
MAPP or MAH, the FTIR and UV spectra investigations were carried out. 
The FTIR spectra of Li-TFSI/MAPP blends are shown in Fig. 3 (a), where 
the adsorption peaks at 1859 cm� 1, 1782 cm� 1 are assigned to the 
asymmetric and symmetric C¼O stretching of anhydride functional 
groups [33,34]. It is clear that the intensity of C¼O stretching gradually 
decreases with increasing Li-TFSI. Additionally, the characteristic peak 
at 1782 cm� 1 shifts to lower wavenumbers and the peak of symmetric 
bending vibration of CF3 at 1202 cm� 1 shifts to higher wavenumbers. 
This indicates the special interactions between Li-TFSI and MAPP. 
Moreover, the adsorption peak at 1257 cm� 1 has been assigned to the 
asymmetric C–O–C stretching of cyclic anhydride functional groups. We 
can find that the intensity of C–O–C stretching gradually decreases with 
increasing Li-TFSI while the characteristic peak at approximately 
3600 cm� 1 of OH stretching has appeared with adding Li-TFSI [35], as 
shown in Fig. S1. Such phenomenon is attributed to the fact that the 
Li-TFSI is more inclined to form stable H2O-LiTFSI [36], which promotes 
the ring-opening of maleic anhydride groups in MAPP. Furthermore, it 
should be noted that a new adsorption peak at 1635 cm� 1 assigned to the 
asymmetric C¼O stretching of carboxylate appears when adding 
Li-TFSI. Nakamoto et al. [37] reported that the difference (dalta value) 
between the asymmetric and symmetric carboxylate stretching fre-
quencies could determine the coordination mode [38–40] of metal and 
carboxylate ions. Therein, the dalta value (Δν) could be described by 
formula (1)  

Δν¼(COasym-COsym)                                                                        (1) 

where the COasym is asymmetric C¼O stretching of carboxylate, 
COsym is symmetric C¼O stretching of carboxylate. In our case, ac-
cording to the calculation, the ν value difference for the asymmetric (at 
1635 cm� 1) and symmetric (at 1782 cm� 1) carboxylate stretching is 
about 147 cm� 1, which can be attributed to the bridging coordination 
between Liþ and carboxylate ions. In addition, it shows UV absorbance 
spectra of MAH (1 mmol/L) in DMF solution with the presence of 
different concentrations Liþ ions in Fig. 3 (b). It is clear that the peak at 
266 nm has a red shift and it should be noted that a new adsorption peak 
is appearing at 288 nm, which corresponds to the complexation of MAH 
via Liþ ions. Both the shift and the appearance of the new adsorption 
peak are possibly originated from the changes in electron transitions and 
charge distribution during the dissociation of Liþ ions. 

The specific interactions between Li-TFSI, MAPP and MWNTs have 
also been investigated using TGA. The Fig. 4 shows the TGA curves for 
Li-TFSI, MAPP, MAPP/Li-TFSI and MWNTs/Li-TFSI/MAPP mixtures. It 
is seen that the maximum degradation temperatures (Tmax) of MAPP/Li- 
TFSI and MWNTs/Li-TFSI/MAPP mixtures are higher than those of neat 
Li-TFSI and MAPP. The Tmax for MWNTs/Li-TFSI/MAPP mixtures in-
creases by approximately 40 �C compared to the neat Li-TFSI or MAPP. 

Fig. 8. (a) Strain-stress curves and (b) Notched Impact Strength for the samples 
of neat PP, PP/MWNTs, PP/MWNTs/Li-TFSI, PP/MWNTs/MAPP, PP/MWNTs/ 
Li-TFSI/MAPP. 

Table 1 
Mechanical properties of PP and PP/MWNTs nanocomposites 

Samples Tensile strength 
(MPa) 

Elongation at 
break (%) 

Impact strength 
(kJ/m2) 

Neat-PP 23.8 � 0.6 750 � 70 34.3 � 1.8 
PP/MWNTs(100–3) 27.7 � 0.2 211 � 65 20.8 � 0.8 
PP/MWNTs/Li-TFSI 

(100-3-1) 
27.8 � 0.4 328 � 97 21.6 � 1.0 

PP/MWNTs/MAPP 
(100-3-1) 

28.4 � 0.3 258 � 62 18.3 � 0.6 

PP/MWNTs/Li-TFSI/ 
MAPP (100-3-1-1) 

27.1 � 0.3 790 � 67 24.3 � 0.5  
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This again indicates that the MWNTs have strong interactions with Li- 
TFSI/MAPP mixtures. Therefore, it can be concluded that the Li-TFSI 
acts as “intermediate bridges” for MWNTs and MAPP and the combi-
nation of Li-TFSI/MAPP may help the dispersion of MWNTs in PP 
matrix. 

3.2. PP/MWNTs nanocomposites based on the Li-TFSI/MAPP modified 
MWNTs 

3.2.1. Dispersion of modified MWNTs in PP matrix 
Fig. 5 shows SEM images of PP/MWNTs nanocomposites with the 

pristine MWNTs and the modified MWNTs at different magnifications. 
The pristine MWNTs form the extremely large agglomerates (more than 
100 μm) in PP matrix because of the poor compatibility between pristine 
MWNTs and PP matrix. The agglomerate size decreases drastically to 
approximately 5 μm when Li-TFSI modified MWNTs were incorporated 
into PP matrix. This means that Li-TFSI modified MWNTs are still 
incompatible with PP because of the high polarity difference. Interest-
ingly, for the Li-TFSI/MAPP modified MWNTs, homogeneous dispersion 
has been observed and no discerned aggregations of MWNTs could be 
found at the low magnification (Fig. 5 (c)). High magnification SEM 
images of the nanocomposites indicate the individual MWNT dispersion 
in PP matrix (Fig. 5 (c’)). The homogeneous dispersion of Li-TFSI/MAPP 
modified MWNTs in PP matrix was further confirmed by TEM 

measurements, as shown in Fig. 6. The Li-TFSI/MAPP modified MWNTs 
can be precisely dispersed in the PP matrix while the Li-TFSI modified 
MWNTs show large agglomerates. It should be noted that the MWNTs 
dispersion in PP matrix is highly enhanced in the large size scale by the 
combination modification of Li-TFSI/MAPP, as shown in Fig. 7. The 
optical microscopy of the PP/MWNTs nanocomposites indicates that the 
modified MWNTs form homogenous nanocomposites with PP, but both 
the pristine MWNTs and Li-TFSI modified MWNTs aggregate severely in 
the PP matrix. 

3.2.2. Physical properties of PP/MWNTs nanocomposites 
Fig. 8(a) shows the typical strain-stress curves of the neat PP and the 

PP/MWNTs nanocomposites. The corresponding mechanical property 
data are listed in Table 1. Neat PP shows the yielding strength and 
elongation at break of 24 MPa and 750%, respectively. The incorpora-
tion of pristine MWNTs leads to drastic decreasing in ductility. The 
elongation at break of PP/MWNTs nanocomposites is only 200%. The 
single use of Li-TFSI to modify MWNTs can slightly increase the ductility 
of the nanocomposites. This may be attributed to the specific interaction 
between Li-TFSI and MWNTs. The markedly enhanced ductility is 
observed for the sample PP/MWNTs/Li-TFSI/MAPP nanocomposites. 
The elongation at break of the PP/MWNTs/Li-TFSI/MAPP nano-
composites is about 790%, about 4 times of the composites with pristine 
MWNTs. The value is even slightly higher than the neat PP. This is 
obviously attributed to the better dispersion of MWNTs and the good 
interface between MWNTs and the matrix. Impact test results can also 
demonstrate the same conclusion, as shown in Fig. 8 (b). The signifi-
cantly improved toughness of the nanocomposites with the modified 
MWNTs by Li-TFSI/MAPP indicates again that the compatibility is 
considerably improved and the MWNTs are dispersed uniformly in the 
PP matrix. 

The notched impact strength of the neat PP and the PP/MWNTs 
nanocomposites is shown in Fig. 8 (b). Neat PP shows highest impact 
strength of 34 kJ/m2. Simple incorporation of pristine MWNTs (with 
only 3 wt %) leads to the obvious decrease in the notched impact 
strength. In contrast, the nanocomposites with Li-TFSI/MAPP modified 
MWNTs show significantly enhanced impact strength as compared with 

Fig. 9. Low (a and b) and high (a’ and b’) magnification SEM images of impact-fractured surfaces of PP/MWNTs (a and a’) and PP/MWNTs/Li-TFSI/MAPP (b and b’) 
nanocomposites. 

Table 2 
Mechanical properties comparison with the data in the literatures.  

CNTs 
(wt%) 

Tensile 
strength (MPa) 

Elongation at 
break (%) 

Note 

3 37(þ12.5%) 350(-30%) Ultrasonic treated; masterbatch 
dilution methods [23] 

3 40(þ8.1%) 10(-98%) Covalent MAO-grafted MWNTs, 
in situ polymerized [17] 

This work 
3 27.1(þ13.9%) 790(þ5.3%) Li-TFSI/MAPP-MWNTs; melt 

blending  
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the composites with pristine MWNTs and Li-FTSI modified MWNTs. 
Fig. 9 compares the fracture surface of the PP/MWNTs and PP/MWNTs/ 
Li-TFSI/MAPP nanocomposites after the impact tests. Since the large 
agglomerates of MWNTs, the PP/MWNTs composites are very brittle and 
exhibit a phenomenon of the brittle fracture during the impact test, 
which contributes to a pretty flat fractured surface, as shown in Fig. 9 
(a). In contrast, the impact-fracture morphologies of PP/MWNTs/Li- 
TFSI/MAPP exhibit a relatively rough appearance and with consider-
able deformation of the matrix during the impact test. Therefore, the PP 
matrix absorb impact energy and show the tough fracture. In addition, 
the homogeneous dispersion of MWNTs is confirmed again and no dis-
cerned aggregations of MWNTs could be found. Please note that the 
elongation at break and the impact strength of PP/MWNTs/MAPP 
composites are nearly 250% and 16 kJ/m2, respectively. The values are 
much smaller than those of the PP/MWNTs/Li-TFSI/MAPP sample, 
indicating the critical roles of Li-TFSI to act as an “intermediate bridges” 
between MWNTs and MAPP. In addition, Table 2 provides a comparison 
of mechanical properties between our work and some representative PP/ 
CNTs studies reported in the literatures. It is seen that our work can not 
only improve the tensile strength of PP but also maintain the ductility of 
PP well. In contrast, the PP/CNTs composites prepared in the literatures 
could usually increase the tensile strength of PP but at the expense of 
ductility. 

The electrical properties of the prepared nanocomposites have also 
been characterized. It was found that all the samples are insulating with 
the addition of 3 wt% MWNTs, independent on the modification or not. 
However, the PP/MWNTs/Li-TFSI/MAPP nanocomposite with 5 wt% 
MWNTs exhibits a surface resistivity of 107 Ω while the PP/MWNTs 
composite with 5 wt% pristine MWNTs is still an insulating material. 

Numbers in the brackets are % increase (þ)/decrease (� ) from the 
neat PP in a given study. Absolute data cannot be compared because 
sample history, various physical parameters, and additives are not al-
ways specified. 

3.2.3. Thermal properties of PP/MWNTs nanocomposites 
Fig. 10 (a, b) shows TGA curves of neat PP, PP/MWNTs and PP/ 

Fig. 10. TGA (a) and derivative thermogravimetric (b) curves for PP, PP/MWNTs, PP/MWNTs/Li-TFSI, PP/MWNTs/Li-TFSI/MAPP; DSC exotherms (c) and endo-
therms (d) of PP, PP/MWNTs, PP/MWNTs/Li-TFSI and PP/MWNTs/Li-TFSI/MAPP. 

Table 3 
Thermal properties of PP and PP/MWNTs nanocomposites 

Samples T5%(�C) Tmax(�C) Tc(�C) Tm(�C) 

PP 362 444 123.0 165.8 
PP/MWNTs (100–3) 367 447 123.9 166.3 
PP/MWNTs/Li-TFSI (100-3-1) 423 461 124.7 165.8 
PP/MWNTs/Li-TFSI/MAPP (100-3-1-1) 422 462 125.4 164.8  

Fig. 11. Schematic of the homogeneous dispersion of MWNTs.  

H. Liu et al.                                                                                                                                                                                                                                      



Composites Part B 176 (2019) 107268

8

MWNTs/Li-TFSI/MAPP. The T5% and Tmax values are tabulated in 
Table 3. Compared to neat PP, the addition of pristine MWNTs has 
almost no effect on the T5% or Tmax. It is very interesting to find that the 
T5% and Tmax of the PP/MWNTs/Li-TFSI/MAPP nanocomposites have 
evidently increased by approximately 60 �C and 20 �C, respectively. 
Such phenomenon is attributed to great compatibility between the 
modified MWNTs and PP matrix, the combination of Li-TFSI/MAPP 
exhibit the ability to efficiently disperse the MWNTs and enhance the 
thermal stability of the whole composite. Fig. 10 (c, d) shows the en-
dotherms and exotherms of Neat-PP, PP/MWNTs blends. The crystalli-
zation temperature (Tc)、melt temperature (Tm) values are also 
tabulated in Table 3. The Tc of neat PP is located at 123 �C while the Tc of 
the samples PP/MWNTs and PP/MWNTs/Li-TFSI/MAPP are located at 
124 and 125.4 �C, respectively, which is attributed to the nucleation 
effects of MWNTs on the crystallization of PP and accelerate the crys-
tallization of PP. It is also clear that the modified MWNTs with Li-TFSI/ 
MAPP as a nucleation agent are more effective than untreated MWNTs 
and single treated MWNTs by Li-TFSI or MAPP. Such effects have been 
reported before [41,42]. In Fig. 10 (d), the Tm of the samples PP/MWNTs 
and PP/MWNTs/Li-TFSI is similar to the neat PP, which means the poor 
dispersion of MWNTs and further indicates the immiscibility between 
MWNTs and PP matrix. In contrast, the Tc of the sample 
PP/MWNTs/Li-TFSI/MAPP decreased obviously, showing that the 
addition of Li-TFSI/MAPP greatly improved the compatibility between 
the MWNTs and PP matrix. 

4. Discussion 

It is very interesting to find the specific interactions among the 
MWNTs, Li-TFSI and MAPP that significantly affect the dispersion of 
MWNTs in PP matrix and the physical properties of PP/MWNTs nano-
composites. It is clear that the Liþ had strong “π-cation” interaction with 
MWNTs, as shown in Fig. 11 (a), and MWNTs were surrounded by Liþ

ions. Furthermore, Li-TFSI is easy to form H2O-LiTFSI [37], which 
promotes the ring-opening of maleic anhydride on MAPP to form 
carboxylate. On the other hand, Liþ ions easily coordinate with the 
carboxylate on the PP chains and Liþ ions acts as “intermediate bridges” 
to connect the MWNTs and MAPP. Additionally, the polymer chain of 
MAPP could be entangled with PP matrix, as shown in Fig. 11 (b). 
Therefore, the treated MWNTs could be dispersed uniformly in PP ma-
trix, as shown in Fig. 11 (c). 

It should be noted that we have also prepared PP/MWNTs/Li-TFSI/ 
MAPP nanocomposites through one-step melt blending by simulta-
neously melt mixing PP, MWNTs, Li-TFSI and MAPP. It was found that 
the agglomerate size decreases drastically when Li-TFSI/MAPP were 
added to PP/MWNTs composites, as compared with the PP/MWNTs 
composites, as shown in Fig. S2. This means that PP/MWNTs nano-
composites can be prepared by the one-step melt blending and this will 
be important for the large scale industrial application. 

5. Conclusions 

In conclusion, we have prepared modified MWNTs with the surface 
enriched the reactants of Li-TFSI and MAPP by the specific interactions 
among MWNTs, Li-TFSI and MAPP, where the Li-TFSI acts as “inter-
mediate bridges”. On the one hand, Li-TFSI have strong “π-cation” in-
teractions with MWNTs, on the other hand, the complexation of maleic 
anhydride group on MAPP via Liþ ions. Therefore, MWNTs, Li-TFSI, 
MAPP connected with each other in a layer-by-layer self-assembly 
mode. Compared with pristine MWNTs, the treated MWNTs show 
weakened the π-π interaction and dispersed uniformly in PP matrix. At 
the same time, the entanglement between the polymer chain of MAPP 
and PP matrix can enhance the toughness of PP/MWNTs nano-
composites. The nanocomposites with Li-TFSI and MAPP modified 
MWNTs exhibited extremely high ductility and impact strength. In 
addition, the interaction between MWNTs, Li-TFSI and MAPP can 

improve the thermal stability of PP/MWNTs nanocomposites. The re-
sults pave a new way to fabricate high performance polyolefin/CNTs 
nanocomposites. 
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