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ABSTRACT: Polypropylene (PP)/carbon nanotubes (CNTs) nanocomposites
were prepared by coating CNTs on the surface of gelated/swollen soft PP pellets.
The electrical conductivity (σ) studies revealed a percolation threshold of only 0.3
wt %, and the electrical conductivity mechanism followed a 3-d variable range
hopping (VRH) behavior. At lower processing temperature, the CNTs formed
the network structure more easily, resulting in a higher σ. The fraction of γ-phase
PP increased with increasing the pressing temperature. The CNTs at lower
loading (0.1 wt %) served as nucleating sites and promoted the crystallization of
PP. The CNTs favored the disentanglement of polymer chains and thus caused
an even lower melt viscosity of nanocomposites than that of pure PP. The
calculated optical band gap of CNTs was observed to increase with increasing the
processing temperature, i.e., 1.55 eV for nanocomposites prepared at 120 °C and
1.70 eV prepared at 160 and 180 °C. Both the Drude model and interband
transition phenomenon have been used for theoretical analysis of the real permittivity of the nanocomposites.
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1. INTRODUCTION
The development of conductive or semiconductive polymer
nanocomposites (PNCs) has attracted more interest due to the
introduced unique physicochemical properties to the otherwise
inert hosting polymers such as thermal stability1−3 and
magnetic,4,5 optical,6,7 electrochromic,8−10 and dielectric
properties.11,12 Generally, the conductive PNCs have been
prepared by introducing conductive nanofillers to the insulating
polymer matrix. Among all the conductive nanofillers, carbon
nanotubes (CNTs) show excellent physical properties such as
high aspect ratio (1000)13 and great tensile strength and
Young’s modulus (1 TPa).13 Compared with metal nanofillers,
CNTs with higher flexibility and lower density can enhance the
mechanical, thermal, and conductive properties of the polymers
including polypropylene (PP).13,14 For instance, by limiting the
crack propagation, the CNTs enhanced the yield stress and
Young’s modulus of PP.13 CNTs have also served as flame
retardants. For example, the network layer of the MWCNT
protected the inner PP layer by reducing the heat flux
transmission.15 However, due to the poor dispersion of
CNTs, a high CNT content is required to accomplish the
conduction network in the polymer matrix.16,17 For instance,

when PP was melt blended with MWCNTs, the electrical
percolation threshold was achieved with a CNTs loading
between 1.0 and 2.0 wt %, and the volume resistivity of the
PNCs with 5.0 wt % CNTs was still above 100 ohm·cm.18 The
PP/MWNTs nanocomposites obtained by in situ polymer-
ization did not reach percolation even at a CNT loading of 3.5
wt % with a reported resistivity of about 1 × 1015 ohm·cm.19

Although a low percolation threshold of 0.097 vol % for the
CNTs in the polyester resin was reported from the rheological
investigation,20 it would be more interesting to obtain the
percolation threshold from the aspect of electrical conductivity
to present the real percolating situation considering the
wrapping of polymer chains around the CNTs to give a
lower viscosity percolation value as observed in the epoxy
nanosuspensions with carbon nanofibers (CNFs).21 To
enhance the conductivity, additional treatments have been
reported including chemical functionalization with acid or
amine and heating. By immersing the MWCNTs in acid or
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octadecylamine solution, the MWCNTs were oxidized or
grafted with amine groups, which improved the interfacial
interaction between MWCNTs and polymer matrix.22

Although annealing has removed amorphous carbon from
MWCNTs,22 the electrical percolation threshold was achieved
at a treated CNTs loading between 1.0 and 2.0 wt %, and the
electrical conductivity of the PNCs with 5.0 wt % was still lower
than 10−2 S/cm.22 However, these treatments would cause
some negative effects on the conductivity of the pristine CNTs
by influencing the crystalline structure and interfacial character-
istics23 or even introducing insulating layers.21 For instance, the
partially damaged crystalline structure of the MWNTs from
treatment with concentrated HNO3 and H2O2/NH4OH
solution to introduce the carboxylic groups caused a lower
conductivity.24

Negative permittivity, normally observed in the negative
refractive index artificially designed metal-based materials,25 was
attributed to the plasma-like resonance of free electrons on the
metal surface.26 For the CNTs exhibiting a low plasma
frequency, negative real permittivity can be observed when
the test frequency was lower than the plasma frequency.27 The
recently reported negative permittivity in the polyaniline− and
polypyrrole−tungsten oxide28 and CNFs/elastomer29 PNCs,
etc., was simply achieved by component incorporation rather
than the traditional structure design. These materials have
potential applications including cloaking, superlens, wave filters,
and superconductors.30−32 Although the optical and dielectric
properties of pure CNTs have been studied due to their
potential wide applications in energy storage33 and electronic
devices,34 few reports can be found on the optical and dielectric
properties of the CNTs reinforced PP PNCs, especially with a
negative permittivity.
In this paper, the PP nanocomposites with a unique structure

were prepared by swelling the PP powders rather than
dissolving completely in the solvent to allow the surface of
PP powders to exhibit a gelate state for the CNTs to stick on
under an external shear force field. Then the dried PP powders
wrapped with CNTs were hot pressed at 120, 160, or 180 °C to
obtain the final nanocomposite finishing for tests. The melt
rheological behaviors of the PNCs, including viscosity at steady
state, viscosity storage, and loss moduli, and loss factor were
studied. For all PNCs, the thermal stability was tested by TGA.
The effects of CNTs on the crystalline structure of PP
including crystal structure, crystallization temperature, and
crystalline fraction were evaluated. The effects of both the
CNTs loading and the processing temperature on the optical
properties were studied by the Taue plot and theoretically
analyzed with the strain loaded on the CNTs in the PP matrix.
The unique dielectric property of the PNCs was theoretically
analyzed with the popular Drude model and interband
transition phenomenon for the permittivity transitions between
positive and negative.

2. EXPERIMENTAL SECTION
2.1. Materials. The polypropylene (PP) used in this study was

supplied by Total Petrochemicals Inc. USA (PP, grade 6824 MZ,Mn ≈
40 500, Mw ≈ 155 000, melt index 35 g/min). The carbon nanotubes
(CNTs, SWeNT SMW100; average diameter 6−10 nm; length > 1
μm; BET surface area 300−330 m2/g) were provided by SouthWest
NanoTechnologies, Inc. The solvent xylene (laboratory grade, ρ = 0.87
g/cm3) was purchased from Fisher Scientific. All chemicals were used
as received without any further treatments.
2.2. Preparation of PP/CNTs Nanocomposites. The PP/CNTs

nanocomposites with 0.1, 0.3, 1.6, and 2.0 wt % CNTs were prepared.

Briefly, 20 g of PP powders was dispersed in 200 mL of xylene and
magnetically stirred at 70 °C for 24 h to allow the PP powders to swell
completely. When the surface of the swollen PP pellet was in gelate
phase and became very soft, the CNTs were added to the solution and
the mixture was further stirred for 12 h. The CNTs loading in the
PNCs was controlled by varying the weight of CNTs added into the
above solution. Finally, extra xylene was vaporized, and the PP
powders coated with CNTs were obtained. The final powders were
hot pressed under a pressure of 1 psi for 30 min to form a round disk
for testing. Three temperatures of 120, 160, and 180 °C were selected
to study the effect of processing temperature on the physical
properties of the PNCs.

2.3. Characterization. Rheological Behaviors of the PP/CNTs
Nanocomposites Melts. The melt rheological behaviors of the
nanocomposites were investigated with a rheometer (AR 2000ex,
TA Instruments). An environmental test chamber (ETC) steel
parallel-plate geometry (25 mm in diameter) was used to perform
the measurements at shear rates ranging from 0.1 to 100 s−1 at 200 °C.
The samples were loaded into the model when the temperature was
heated to 200 °C. Dynamic rheological measurements were also
performed with dynamic oscillation frequency ranging from 0.1 to 100
rad/s at a low strain (1.0%), which was justified to be within the linear
viscoelastic (LVE) range for these materials. The LVE range was
determined by the strain−storage modulus (G′) curve within the
strain range from 0.01 to 100 at a frequency of 1 rad/s.

Crystalline Structure of the PP/CNTs Nanocomposites. The
crystalline structure of pure PP and its PNCs was studied by X-ray
diffraction (XRD), which was carried out by a Bruker AXS D8
Discover diffractometer operating with a Cu Kα radiation source (λ =
0.154 nm). The X-ray was generated at 40 kV and 27 mA power, and
the scans were recorded at 2θ from 5° to 30°. The PP/CNTs samples
used for the test were molded by hot pressing the composite powders
at 120, 160, and 180 °C into a cylindrical shape of 25 mm in diameter
and ∼1.0 mm in thickness.

Thermal Characterization of the PP/CNTs Nanocomposites. The
thermal stability of the PP/CNTs PNCs was studied by thermogravi-
metric analysis (TGA, Q500, TA Instruments). All samples were
heated from 30 to 600 °C with a nitrogen flow rate of 60 mL/min and
a heating rate of 10 °C/min. Differential scanning calorimeter (DSC,
TA Instruments Q2000) measurements were implemented under a
nitrogen flow rate of approximately 20 mL/min at a heating rate of 10
°C/min. The specimens were first heated from room temperature to
200 °C to remove the effect of previous thermal history and then
cooled down to room temperature; after that the specimens were
reheated again from room temperature to 200 °C.

Morphological Characterizations of the PP/CNTs Nanocompo-
sites. The hot-pressed samples were broken in liquid nitrogen, and the
morphology of the fracture surface of the samples was characterized
with a field emission scanning electron microscope (SEM, JEOL JSM-
6700F). The dispersion of the CNTs in the PNCs was studied by a
transmission electron microscope (TEM, JEOL JEM-2010 FasTEM)
with an accelerating voltage of 200 kV. The PP/CNTs nano-
composites were cut into thin strips and embedded into epoxy
capsules, which were cured at 60 °C for 24 h. Then, the samples were
microtomed into ca. 70 nm thick slices using an Ultra 45° diamond
knife. The slices were deposited onto 400 mesh copper grids for
imaging.

Optical Properties of PNCs. The UV−vis−NIR diffuse reflectance
spectra (DRS) of the PP/CNTs PNCs were recorded on a JASCO
spectrophotometer (model V-670) equipped with a Jasco ISN-723
diffuse reflectance accessory. The PP/CNTs samples used for the test
were molded by hot pressing the composite powders at 120, 160, and
180 °C into a cylindrical shape with 25 mm in diameter and ∼2.0 mm
in thickness.

Electrical Conductivity and Dielectric Permittivity Measurement.
The electrical conductivity was measured following a standard four-
probe method. To make sure that a precise voltage was applied on the
two inner probes, V-source testing mode (Keithley 2400 source meter,
USA) was introduced. The measured voltage was adjusted in the range
from −1 to 1 V, and the corresponding current was measured and
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recorded across the two outer probes. The dielectric permittivity was
measured by a LCR meter (Agilent, E 4980A) equipped with a
dielectric test fixture (Agilent, 16451B) at a frequency of 20−2 M Hz.
A piece of rectangular standard Teflon sample with a permittivity of
2.1−2.4 was used for calibration before each test. The samples for both
tests were prepared following the same procedures as that for the
optical property test.

3. RESULTS AND DISCUSSION

3.1. Melt Rheological Behaviors of the PP/CNTs PNCs.
The rheological behaviors were tested for the melts at 200 °C
of pure PP and its CNTs nanocomposites processed at different
temperatures. Both Newtonian and shear-thinning behaviors
were observed for the melts of pure PP and its PNCs. As shown
in Figure 1, for pure PP, the first Newtonian plateau with a
constant viscosity is clearly observed. The first Newtonian
plateau of PP implies that in the test shear rate (lower than 5
s−1) region the rebuilding of PP chain entanglement can follow
the breaking rate of the physical cross-link sites.35 However,
with increasing shear rate, the rebuilding rate of the PP chain
becomes lower than that of the physical cross-links broken,35

the viscosity begins to sharply decrease, and the polymer melt
enters a shear-thinning region. For pure PP, the shear-thinning
region appears when the shear rate is increased higher than 5
s−1. However, for the PNCs, the shear-thinning behavior can be
observed with a much lower shear rate, 0.1 s−1, for Figure 1B-d.
The shift of the shear-thinning region to a lower shear rate
range indicates that the CNTs favor the shear-thinning
behavior of the PP/CNTs PNCs melts. The stronger shear-
thinning behavior was also observed in other nanocompo-

sites36,37 such as layered double hydroxide/poly(ethylene
terephthalate) and the nylon11/MWCNTs and was attributed
to the orientation38 and the network structure breakdown of
the nanofillers.39 Here, an increased pressing temperature leads
to an improved dispersion of the CNTs in the PP matrix, and
the CNTs network would be much easier to be destroyed; thus,
in the samples prepared at a higher pressing temperature, the
shear-thinning behavior was observed in a lower CNTs loading,
Figure 1B and 1C.
It is worth noting that when the shear thinning happened the

viscosity of certain PNCs (1.6 wt % for 160 °C and 0.3 wt % for
180 °C) was decreased even lower than that of pure PP. A
decreased viscosity was also observed in the polymer
nanosuspensions with nanoparticles.11,40,41 This unique phe-
nomenon was also observed by other researches, and two
theories were developed to study the physics behind this
reduced viscosity. One is the increased melt free volume
resulting from the addition of nanoparticles in the entangled
and confined systems (h < Rg, h is the average interparticle half-
gap; Rg is the polymer radius of gyration),

42,43 and the other is
the dilution effect of nanoparticles, which provides a constraint
release of polymer chain entanglement.42 However, unlike
certain PNCs systems such as the PP/alginate suspensions with
a lower viscosity than that of bulk material in the whole test
frequency range,44 the viscosity in the PP/CNTs system is
higher than that of pure PP in the low shear rate range and
becomes lower than that of pure PP at higher shear rate (1.0
and 0.2 s−1 for Figure 1B-d and 1C-c, respectively). A similar
phenomenon was also observed in the study of long chain
branching and linear material such as the metallocene

Figure 1. Viscosity vs shear rate of (a) melt pure PP and its PNCs with CNTs loading of (b) 0.1, (c) 0.3, (d) 1.6, and (e) 2.0 wt % processed at (A)
120, (B) 160, and (C) 180 °C.
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polyethlenes with different long chain branching densities.45

Though the nanoparticles are reported to promote the
orientation of polymer chains,46 limited report can be found
on its mechanism. In the long chain branching material, the
rheological behavior would largely depend on the reptation (a
process by which a given chain crawls along the primitive path
defined by topological constrains due to the other chains in the
melt)47 and the restraint of branches on the motion of
backbone would lead to an extensional force on the backbone,
which would further enhance the disentanglement of the
polymer chains and caused a dramatically decreased viscosity.48

Thus, in the PP/CNTs system, due to the interaction between
nanofillers and polymer matrix, the CNTs could serve as the
branch of the polymer chains, which enhances the disentangle-
ment49 under the shear field and causes a reduced viscosity,
Scheme 1.

In addition, the storage modulus (G′), loss modulus (G″),
and loss factor (tan δ) of the PP/CNTs nanocomposites were
also studied, Figure 2. Both G′ and G″ increase with increasing
the CNTs loading in the low-frequency range, which is also
observed in the polylactide/layered silicate nanocomposite50

and attributed to the enhanced solid-like behavior of the PNCs
introduced by the nanofillers.51 The tendency of solid-like
behavior of PNCs was also observed by the study of the tan δ
vs ω curve. As shown in Figure 2C, with increasing the CNTs
loading, the peak of tan δ shifts to a higher value. A switch from
positive to negative for the slope of tan δ indicates the
transition of materials from solid-like to melt-like behavior.52

Thus, the peak shift of tan δ also indicates the improvement of
solid-like behavior of the PNCs. In addition, at low frequency,
the “plateau” area is observed in both G′ and G″, where the G′
and G″ values were less dependent on the frequency. The
existence of the “plateau” area indicates the interactions
between the nanoparticles and the polymer matrix.53 Moreover,
the value of tan δ in PP was observed to be higher than that of
PNCs; the increased tan δ was attributed to the stronger
interaction between the PP molecules and the CNTs than that
among the PP molecules, which leads to more friction heat loss
in pure PP than that of PNCs.54

3.2. Crystalline Structure. The effects of processing
temperature on the crystal structure of pure PP and its PNCs
with 2.0 wt % CNTs were studied by XRD. As shown in Figure
3, for both pure PP and its PNCs prepared at 120 °C, the
intensity of the first peak (110) is stronger than that of the
second one (040), which is a typical XRD pattern of the α

Scheme 1. Nanoparticles Act as Branches of the PP Polymer
Chain Leading to an Extensional Force on the Backbone

Figure 2. (A) Storage modulus (G′), (B) loss modulus (G″), and (C) loss factor (tan δ) vs angular frequency (ω) of (a) pure PP and its PNCs with
CNTs loading of (b) 0.1, (c) 0.3, (d) 1.6, and (e) 2.0 wt % processed at 160 °C.
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phase PP.53 The introduction of CNTs causes no crystal
variation of the PP resin for this temperature, Figure 3A.
However, when the temperature increased to 160 and 180 °C,
the characteristic peak of the γ phase at 2θ = 20.07°53 was
observed in both pure PP and its PNCs, Figure 3B and 3C.
Meanwhile, the peak intensity at 2θ = 18.50°,53 the distinctive
peak of α-phase PP, is decreased, Figure 3B and 3C. In order to
explore the influence of CNTs on the crystalline phase of PP,
the amount of γ-phase PP (Xγ) is calculated by eq 155

= +γ γ γ αX h h h/( ) (1)

where hγ and hα are the peak height at 2θ = 20.07° and 18.5°
for the (117) and (120) peak, respectively. The value of Xγ was
summarized in Table 1; it can be observed that compared with

pure PP, the PNCs with 2.0 wt % CNT exhibit more γ-phase
PP, indicating that the CNTs promoted the γ-phase PP
formation. In addition, it is shown that for both pure PP and its
PNCs the percentage of γ-phase PP increased with increasing
processing temperature and the γ-phase PP became the
dominant phase for the PNCs processed at 180 °C. The
variation of the crystal structure was attributed to the higher
crystallized temperature, which favors γ-phase PP formation.56

The same phenomenon was also observed in the PNCs with

0.1, 0.3, and 1.6 wt % CNTs prepared at different temperatures
(Table S1, Supporting Information).

3.3. Thermogravimetric Analysis of PP and Its
Nanocomposites. The thermal decomposition curves of
pure PP and its CNTs PNCs are shown in Figure 4. For all
samples, there is a sharp weight loss stage in the temperature
range from 350 to 500 °C, which is caused by the chain
breakdown of the polymer structure. From the onset
decomposition temperature (T1onset) summarized in Table 2,
introduction of CNTs caused no obvious difference on the
T1onset value. However, when carefully studying the DTG
curves, an extra peak can be observed for all PNCs between 300
and 400 °C, Figure 4B, and no peak is shown in the same range
for both pure PP and pure CNTs, indicating that a new weight
loss stage of the PNCs was introduced by the interaction
between CNTs and PP. The onset decomposition temperature
(T2onset) of the weight loss stage from 300 to 400 °C was also
summarized in Table 2. The T2onset value was almost the same
for all PNCs and did not change with increasing the CNTs
loading. This unique decomposition behavior of the PP/CNTs
PNCs in the low-temperature range is probably due to the
wrapped xylene in the PP matrix.57 Compared with pure PP
sample, it becomes more difficult to completely remove xylene
in the PNCs due to the physical barrier effect of CNTs.

3.4. Differential Scanning Calorimetry (DSC) of PP and
Its Nanocomposites. The crystallization and melting
processes of pure PP and its PNCs were studied by the DSC
test, Figure 5. The crystallization process can be observed in the
DSC curve, and the crystallization temperature (Tc) is
summarized in Table 3; the value of Tc first increases with
increasing CNT loading and then decreases with further

Figure 3. X-ray diffraction patterns of (a) pure PP and (b) its PNCs with 2.0 wt % CNTs processed at (A) 120, (B) 160, and (C) 180 °C.

Table 1. Amount of γ-Phase PP of Pure PP and Its PNCs
with CNTs

samples 120 °C 160 °C 180 °C

pure PP 0 0.1168 0.5770
2.0 wt % CNTs 0 0.2533 0.6276
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increasing the CNTs loading. The variation of Tc can be
attributed to different functions of the CNTs during

crystallization of PP. The spherulitic growth rate (G) of the
polymer crystallization can be expressed by eq 258−60

= − *
−

−
Δ

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥G G

U
R T T

K

T Tf
exp

( )
exp

( )0
c 0

g

c (2)

where G0 is the pre-exponential factor, U* is the activation
energy for transportation of polymer chain segments to the
crystallization sites, R is the gas constant, ΔT = Tm

0 − Tc, where
Tm
0 is the equilibrium Tm and Tc is the crystallization

temperature, f is the factor representing the decrease in heat
of fusion with decreasing temperature, T0 is the hypothetical
temperature, where all motions associated with viscous flow are
prohibited, and usually taken 30 K below the glass transition
temperature,61 and Kg is the nucleation constant, which can be
calculated based on eq 359

=
Δ

K
EE b T

H k
4

g
e 0 m

0

f B (3)

where E and Ee are side and fold surface free energies that
represent the work required to create a new surface, b0 is the
single-layer thickness, ΔHf is the enthalpy of melting, and kB is
the Boltzmann constant.
As shown in eq 2, crystallization formation is determined by

two parts: the first part −U*/R(Tc − T0) describes the
transport of polymer chain segments to the growth front
(where polymer chains were simultaneously adsorbed and
crystallographically attached to the nucleation),62 and the
second part −Kg/(TcΔTf) is attributed to the nucleation
process. The CNTs were reported to be serving as nucleation
sites of PP,63 and the nucleation site could promote the
crystallization by reducing the surface free energy barrier (E,
Ee) toward nucleation;64 thus, for the PNCs with a lower
loading (0.1 wt %) of CNTs, the crystallization of PP was
initiated at a higher temperature than that of pure PP, Figure 5.
However, with increasing the loading of CNTs, even the
increment is small, since the CNTs are not uniformly dispersed
in the PP matrix, the nanofillers could easily agglomerate and
would constrain the movement of polymer chains to the growth
front, leading to a higher U* value and causing the
crystallization temperature to shift to a lower value, which
was also observed in the Fe@Fe2O3/PP PNCs.53

In addition, it is worth noting that a small shoulder observed
in the PNCs with 2.0 wt % CNTs, in the cooling procedure,

Figure 4. (A) Thermogravimetric analysis (TGA) curves and (B) derivative thermogravimetric (DTG) curve of (a) pure PP and its PNCs with
CNTs loading of (b) 0.1, (c) 0.3, (d) 1.6, and (e) 2.0 wt % and (f) pure CNTs.

Table 2. Onset Temperature T1onset and T2onset of the Pure
PP and Its PNCs with CNTs

samples T1onset (°C) T2onset (°C)

pure PP 439.87 N/A
0.1 wt % CNTs 439.47 324.77
0.3 wt % CNTs 440.16 325.78
1.6 wt % CNTs 440.65 324.75
2.0 wt % CNTs 440.87 326.67

Figure 5. DSC curves of pure (a) pure PP and its PNCs with CNTs
loading of (b) 0.1, (c) 0.3, (d) 1.6, and (e) 2.0 wt %.

Table 3. DSC Characteristics of pure PP and its PNCs with
CNTs

loading of CNTs Tc (°C)
ΔHc
(J g−1) Tm (°C)

ΔHm
(J g−1) Fc (%)

pure PP 113.55 88.32 151.55 99.38 47.55
0.1 wt % CNTs 118.64 86.19 150.80 94.35 45.19
0.3 wt % CNTs 111.45 82.68 153.46 86.58 41.55
1.6 wt % CNTs 103.89 82.96 150.94 86.89 41.99
2.0 wt % CNTs 101.59 77.41 149.82 85.06 41.36
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when the temperature decreased the shoulder was formed first
and then the main crystallization peak was observed at a lower
temperature range, Figure 5e. The same phenomenon was also
observed in the PNCs with 2.0 wt % CNTs prepared at
different temperatures (Figure S2, Supporting Information);
however, for pure PP, no shoulder was observed during the
crystallization process (Figure S3, Supporting Information). It
is known that the separation of the crystallization peak indicates
a variation of the crystal structure. For pure PP with both α and
γ phases formed during crystallization, γ phase would first form
dominant lamellae and the α phase would grow on it with
cooling proceeding.65 Thus, the small shoulder observed in the
cooling procedure can be attributed to the formation of γ-phase
PP; when the temperature further decreased, the α-phase PP
would grow on the γ-phase PP and the main crystallization
peak was observed. Thus, the extra shoulder shown in the
PNCs indicated that the CNTs promote the γ-phase PP,
consistent with the XRD study.
For the second heating process, the melting peak was shown;

the peak temperatures (Tm) are summarized in Table 3; the Tm
of the PNCs was observed to be almost the same as that of pure
PP. Both the enthalpy of fusion (ΔHm) and the enthalpy of
crystallization (ΔHc) are also summarized in Table 3. For all
samples, the value of ΔHm was larger than ΔHc, which was
caused by the recrystallization of the samples; the crystalline
fraction (Fc) of pure PP and its PNCs is calculated from eq 466

=
Δ

Δ
F

H
H fc

m

m
0

p (4)

where ΔHm is the enthalpy of the samples, ΔHm
0 is the enthalpy

for a theoretically 100% crystalline PP (209 J/g),53 and fp is the
weight fraction of the polymer. From the results summarized in
Table 3, it can be observed that the PNCs show a lower Fc than
pure PP, which can be attributed to the disturbing effect of
nanofillers during the formation of crystalline structure of PP
polymer chains.53

3.5. Electrical Conductivity (σ) of PP/CNTs Nano-
composites. The conductivity of the PNCs as a function of
the CNT loading at different processing temperatures is shown
in Figure 6. The conductivity (∼1 × 10−9 S/cm) of pure PP
was from the literature.67 The conductivity is observed to
increase with increasing CNT loading, and the PNCs with 2.0
wt % CNTs and prepared at 120 °C exhibit the highest

conductivity of 0.16 S/cm, which is 4 orders of magnitude
higher than that of the PP/CNTs PNCs even with 5 wt %
CNTs prepared by dispersing the CNTs in the PP matrix.68

The outstanding electric conductivity was attributed to the
unique network formation of CNTs in PP. At 120 °C, PP just
began to melt; when the fabricated PP powders coated with
CNTs were pressed, the powders would only change shape
without breaking the coating layer of CNTs, in which condition
the CNTs would be pressed together, Scheme 2. The

morphology of the PNCs was studied, Figures 7 and 8. For
the PNCs prepared at 120 °C, the surface of the deformed
powders with a CNTs coating can be observed, Figure 7A, and
the CNTs agglomerate together to form the network structures,
Figure 8A and 8C. With the formed CNTs network structure,
the electrons may be able to hop from a nanotube to an
adjacent one, which leads to the conductivity increased.69−71

To explore the electron transportation mechanism of the
Figure 6. Electrical conductivity of PNCs vs CNT loading for the
samples processed at (a) 120, (b) 160, and (c) 180 °C.

Scheme 2. Morphology of PNCs with CNTs at Different
Processing Temperatures

Figure 7. SEM microstructures of PNCs with 2.0 wt % CNTs
prepared at (A) 120 and (B) 180 °C; PNCs with 0.3 wt % prepared at
(C, E) 160 and (D, F) 180 °C.
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PNCs, the relationship between temperature and σ was
investigated by using eq 572

σ σ= −⎜ ⎟
⎡
⎣
⎢⎢

⎛
⎝

⎞
⎠

⎤
⎦
⎥⎥

T
T

exp
n

0
0

1/

(5)

where T0 is the characteristic Mott temperature related to the
electronic wave function localization degree, σ0 is the
conductivity at infinite high temperature, and n can be equal
to 2, 3, and 4, which represent one-, two-, and three-
dimensional systems, respectively. The obtained T0 and σ0
values for each sample are summarized in Table 4. σ0 increased

with increasing loading of CNTs. Within a certain CNTs
loading, the σ0 value of the composites is decreased with
increasing processing temperature. The T0 value increases with
decreasing loading of CNTs. Within a certain CNTs loading,
the T0 of the composites is increased with increasing processing
temperature. It is known that a higher T0 indicates a stronger
localization of the charge carriers and thus represents a lower
σ.73 The variation of the σ0 and T0 values is associated with the
electrical conductivity mechanism of the composites. As shown
in Figure 9A, the conductivity of the PNCs decreases with
increasing temperature, and in Figure 9B, n is equal to 4 best fit
for samples, indicating a 3-d VRH behavior. The electrical
conductivity mechanism implied that the conductivity of the
PNCs follows the electron theory, which depends on the
network structure in the polymer matrix. For the PNCs
prepared at 160 and 180 °C, since the matrix was melted, the
surface became flatter and the CNTs coating layer was

separated by PP, Figure 7F; the PP can limit the charge
transportation and cause a higher T0 and lower σ0. The CNTs
were observed dispersing among the PP matrix to build the
network structure, Figure 8B and 8D. The network structure
was observed with only 0.3 wt % CNTs in PNCs prepared
under both high (180 °C) and low (120 °C) temperatures,
indicating the low percolation concentrations for all PNCs.74

However, the network density is different. It is known that the
conducting path was attributed from the CNTs and at higher
temperatures (160 and 180 °C); since the CNTs are dispersed
in PP matrix, limited CNTs can join in the conductive paths
formation.75 However, for the PNCs prepared at low
temperature (120 °C), as the CNTs agglomerated to form
the bundles, the network density increases. More CNTs get
involved in forming the conductive network and lead to a lower
T0 and higher electrical conductivity.75

In addition, the obtained T0 and σ0 values for each sample
are summarized in Table 4. The variation of σ0 value
corresponds with the conductivity value in Figure 9A; σ0
increased with increasing loading of CNTs, and at same
loading, the σ0 value depends on the processing temperature.
T0 increases, and a higher T0 indicates a stronger localization of
the charge carriers and thus represents a lower σ.

3.6. Optical Property of PP/CNTs Nanocomposites.
The optical property of pure CNTs and its PNCs was studied
by ultraviolet−visible (UV−vis) spectroscopy, Figure 10. From
the UV−vis absorbance spectra, the photonic energy band gap
(Eg) value of the CNTs can be obtained from the Tauc plot,76

which describes the αhυ value as a function of photon energy
(hυ)

α υ υ= −h h E( )n
g (6)

where α, h, and υ are the absorbance coefficient, Planck’s
constant, and the photon frequency, respectively. The Tauc
plot was converted from the diffuse reflectance UV−vis spectra.
The parameter n is a pure number associated with the type of
electronic transitions. n is 1/2 for the direct-allowed
(characterized by the minimum energy level of the lowest
conduction band positioned in k space directly under the
maximum of the highest valence band) and 2 for the indirect-
allowed (instead of directly under the maximum of the highest
valence band, the minimum energy level of the lowest
conduction band is shifted relative to the maximum of the
highest valence band in k space).77,78 The value of n is reported
to be 279 for the CNTs, and the band gap value is obtained by
extrapolation of the linear portion of the curve to the energy
axis. The band gap of pure CNTs is found to be 1.50 eV, Figure
10B, which is pretty close to the reported 1.543 eV for the
transition between the second pair of van Hove singularity at
above and below the Fermi level of CNTs with the assignment
of (9,8).80

The band gap (Eg
opt) values of pure CNTs and its CNTs

PNCs can be observed in Figure 10B and 10D. The Eg
opt of all

the PNCs is higher than that of pure CNTs and decreases with
increasing CNT loading. At the same loading of CNTs, the Eg

opt

of the nanocomposites depends on the processing temperature.
The variation of Eg

opt can be attributed to the strain of CNTs,81

which was introduced during the hot-pressing process.
It is known that the band gap of CNTs depends on the

diameter82 and chirality, which could vary with the applied
strain.81 For CNTs, its chirality is defined by the tube index
(m,n). The armchair metallic CNTs (m = n), which are of high
symmetry, are less sensitive to the tensile strain than the

Figure 8. TEM microstructures of the PNCs with 0.3 and 2.0 wt %
CNTs prepared at (A, C) 120 and (B, D) 180 °C, respectively.

Table 4. T0 and σ0 for PP/CNTs PNCs

samples T0 × 105 (°C) σ0 (s/cm)

2.0 wt % CNTs-120 °C 11.36 28 488 185
2.0 wt % CNTs-160 °C 65.00 272 665
0.3 wt % CNTs-120 °C 290.70 85 819
0.3 wt % CNTs-180 °C 420.42 578.25
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semiconducting CNTs (m − n ≠ 3N, N is an integer) with
lower symmetries. The effect of strain on the band gap of
CNTs is complicated. The strain on CNTs can play a positive
or negative effect on the electrical property of CNTs. It is
observed that the uniaxial or torsional strain could cause the
insulator−metal transition of the SMNTs, due to the change of
quantum number.83,84 However, for graphene, uniaxial strain
caused the red shift of the 2D and G bands, and the shift was
studied with the elongation of the carbon−carbon bonds, which
would weaken the bonds and lead to a decreased vibrational

frequency.85 For the PNCs, the shift of the band gap was also
observed in the poly(methyl methacrylate) (PMMA)/CNTs
system, the effects of load transfer, strain, and interfacial
adhesion were studied, and the peak splitting observed in a
higher strain (0.8%) was attributed to the slip of nanotubes in
the polymer matrix.86 For the PP/CNTs system, a lower Eg

opt

value, Figure 10B, was observed in the samples prepared at 160
and 180 °C, at which temperature PP was already melted and
the stronger deformation of polymer matrix would cause more
strain on the CNTs. In addition, the changing trend of Eg

opt

Figure 9. (A) Resistivity vs temperature and (B) ln(σ) vs T−1/4 of (a and b) PNCs with 2.0 wt % CNTs processed at 120 and 160 °C and (c and d)
PNCs with 0.3 wt % CNTs processed at 120 and 180 °C.

Figure 10. (A and C) UV−vis absorbance spectra and (B and D) converted from diffuse reflectance spectra data of (A and B) (a) pure CNTs and
PNCs with 2.0 wt % CNTs processed at (b) 120, (c) 160, and (d) 180 °C and (C and D) PNCs with the CNTs loading of (a) 0.1, (b) 0.3, (c) 1.6,
and (d) 2.0 wt %, processed at 160 °C.
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value of the PNCs is consistent with the electrical conductivity
of the PNCs; the PNCs with higher conductivity exhibit a lower
Eg
opt.
3.7. Dielectric Permittivity. For the dielectric property

study, the effects of processing temperature on the real
permittivity (ε′) of pure PP and its PNCs are shown in Figure
11. It is worth noting that the PNCs with 2.0 wt % CNTs
processed at three different temperatures all exhibit processing
temperature-dependent negative ε′ over the testing frequency
range. The negative ε′ is widely observed in the CNTs and
attributed to the metallic nature of the CNTs.27 However, the
switching frequency from positive to negative depends on the
composite sample pressing temperature. For the PNCs
prepared at 120 °C, the negative ε′ is observed at a frequency
higher than 2000 Hz. However, the negative ε′ is observed in
the frequency range below 1000 Hz for the samples processed
at 160 and 180 °C. In addition, it is worth noting that the
variation tendency of the permittivity as a function of the
frequency for the PNCs pressed at 120 °C (changing from a
positive to a negative value with increasing frequency, Figure
11A) is in symmetry with that of PNCs pressed at 160 and 180
°C (changing from a negative to a positive value with increasing
frequency, Figure 11B and 11C).
The formation of the symmetric ε′ variation trend was

further explored by studying the relationship between the
negative permittivity and the plasma frequency (ωp). Negative
permittivity observed in the metal-based negative refractive
index materials25 was attributed to the plasma-like resonance of

free electrons on the metal surface.26 The permittivity as a
functional of ωp was studied by the Drude model, eq 731

ε ω
ω

ω ω γ
* = −

+ i
( ) 1

( )
p
2

(7)

where ωp ≡ (Ne2/ε0m)
1/2 = (4πNe2/m*) is the plasma

frequency, m* is the effective mass, γ stands for the damping
constant, ε0 is the vacuum permittivity, N represents the charge
carrier density, and ω is the angular frequency.87 In order to fit
the infrared optical data on the metals, the frequency-
dependent relaxation time is introduced to modify the Drude
model (eq 7) to eq 888,89
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where τ is the relaxation time and τ = 1/γ. From eq 8, negative
permittivity is expected when the frequency is below the ωp,
and the permittivity becomes positive when the frequency is
above the ωp.

90 On the basis of the Drude model, the ωp values
for the PNCs with 2.0 wt % CNTs processed at 160 and 180
°C should be between 200 and 1000 Hz considering the

Figure 11. Real permittivity (ε′) of (a) pure PP and its PNCs with the CNTs loading of (b) 0.1, (c) 0.3, (d) 1.6, and (e) 2.0 wt % processed at (A)
120, (B) 160, and (C) 180 °C.
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observed negative ε′ at 200 Hz (below the ωp) and positive ε′
at 1000 Hz (above the ωp), Figure 11B and 11C. However, for
the PNCs processed at 120 °C, Figure 11A, ε′ showed a
positive value at a lower frequency and was decreased to a
negative value with increasing the frequency, which could not
be described by the Drude model. The same phenomenon was
also observed in polypyrrole (PPy),91 with the negative
permittivity in the frequencies below the first ωp changing to
positive with frequencies above the first ωp, ε′ was decreased
from positive to negative again with further increasing the
frequency, and ε′ turned from negative to positive once more at
the second ωp. The first ωp was claimed to be attributed to the
most delocalized electrons, and the second ωp originated from
the confined electrons.91 In the study of negative permittivity in
the metal materials, it was found that at wavelengths shorter
than 550 nm the Drude model was not accurate to describe the
value of permittivity. In the low-frequency range, the positive ε′
would decrease and even turn to negative with increasing test
frequency. With further increasing the frequency, the variation
of ε′ would follow the Drude model.92 This unique variation of
ε′ as a function of frequency was known as interband transition,
as shown in Scheme 3. This interband transition can be

attributed to the higher energy photons promoting electrons of
lower lying bands to the conduction band.92 When considering
the interband transition, the Drude model can be written as eq
992
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The interband transition has been observed in the 2D
graphene93 and the PNCs with carbon nanofillers,94 where the
second frequency for the variation of ε′ from negative to
positive was considered as ωp.

94 Here, for the PNCs with 2.0 wt
% CNTs processed at 120 °C, Figure 11A, the interband
transition of ε′ was observed to take place in a low-frequency
range (between 2000 and 5000 Hz); however, the ωp for the
variation of ε′ from negative to positive was not observed. The
lack of ωp in the test frequency range was associated with the
CNTs network structure formed in the PNCs processed at 120
°C. It is known that the value of the ωp depends on the 3-d
network of the nanofiller in the polymer matrix.94 After being

dispersed in the polymer substrate, dilution of the metallic
wires would lead to a reduced density of the active electrons
and thus the ωp shifted to a lower frequency range.31 A similar
phenomenon was also reported in the graphene nanocomposite
systems, where ωp was observed to depend on the carrier
density in graphene.95 For the PNCs processed at 120 °C, the
good network of CNTs would lead to a high ωp value, which
exceeded the testing frequency range; thus, no ωp was
observed, Figure 11A. In addition, since ωp depends on the
charge carrier density, the higher ωp value of the PNCs
processed at 120 °C indicates a higher charge carrier density,
i.e., a higher electrical conductivity. This observed dielectric
permittivity variation as a function of processing temperature is
in good agreement with the electrical conductivity study, in
which the electrical conductivity of the PNCs processed at 120
°C is observed higher than that of PNCs processed at 160 and
180 °C.

4. CONCLUSIONS
The CNTs coated on the surface of gelated/swollen soft PP
powders were easily pressed together and formed a network
structure in the hosting materials, which led to the outstanding
electrical properties. Meanwhile, the CNTs were observed to
favor the formation of γ-phase PP. The CNTs served as
nucleating sites to promote crystallization of PP at the lower
loading (0.1 wt %). CNTs also served as the branches of
polymer chains to enhance the disentanglement of polymer
chains and caused a decreased viscosity of PNCs even lower
than that of pure PP. For the PP/CNTs system, the lower band
gap of CNTs was associated with the stronger deformation of
polymer matrix at elevated processing temperatures. Finally, ωp,
which is proportional to the charge carrier density, was studied
with the negative real permittivity observed in the PNCs. For
the PNCs processed at 120 °C, the good network of CNTs led
to a high ωp value and indicated a higher charge carrier density.
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