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This paper makes use of electrospinning technology to produce multiwalled nanotubes and polyurethane (MWNTs/PU)
composite nanofibrous membranes. A thermal treatment method was proposed to improve the comprehensive properties of the
membranes. The morphology of the prepared nanomaterials was characterized by the SEM and TEM. Comprehensive properties,
including thermal stability, conductivity, and mechanical properties, of the membranes with and without thermal treatment were
investigated comparatively by TGA, DMA, resistivity measurement, and tensile testing, respectively. The results indicate that the
proposed thermal treatment method could effectively improve the conductivity and mechanical properties of the nanomaterials.
For the thermal treatment-based membrane filled with 3 wt.% of MWNTs, the conductivity reaches 8.29 × 10−5 Scm−1, which is
nearly three orders higher than that of the untreated sample. Meanwhile, the tensile strength and modulus increase more than 50%
after thermal treatment. It is expected that such improved nanomaterials may be potentially useful in composite reinforcement
and electronic devices.

1. Introduction

Compared with more traditional fibers such as carbon and
glass fibers, nanofibers have several specific features such as
smaller diameter, high-surface area per unit mass, high
strength-to-weight ratio, and ability in providing both
mechanical as well as functional properties [1, 2]. Thus,
nanofibers have attracted considerable attention in recent
years. Typically, nanofibers are prepared by drawing, tem-
plate synthesis, self-assembly, emulsion polymerization,
chemical vapor deposition, and electrospinning [3]. Among
the various manufacturing technologies, electrospinning
process is a simple, feasible, and economical means to
fabricate nanofibers. Nanofibers prepared by electrospinning
technology can be found applications in coatings, mem-
branes, fabrics, and scaffolds [3, 4].

The main weakness of these nanofibers obtained by
electrospinning seems to be their poor mechanical properties
caused by relaxation processes occurring immediately after

fiber formation, at which a certain degree of molecular orien-
tation is lost [5, 6]. To functionalize and improve the physical
properties of fibers, several types of nanoparticles have been
studied. Among them, carbon nanotubes (CNTs) have re-
ceived a particular attention [20–23]. Due to their rolled
graphite structure, CNTs have superior in-plane properties,
for example, Young’s modulus is 1 Tpa, and the resistivity is
50 μΩcm2 [7, 8]. In fact, after their rapid development, CNTs
have been widely used to improve electrical or mechanical
properties of electrospun polymer nanofibers [9–14].

In addition, the nature of CNT structure enables their
surfaces to be modified chemically with various functional
groups, as demonstrated by a handful of research groups
[15, 16]. Studies have also highlighted that addition of CNTs
can increase crystallinities and change crystal morphologies
of the polymer matrix [12, 17]. Moreover, the presence of
CNTs enhances the conductivity of the polymersolution and
produces a larger electrical current during electrospinning
[18, 19]. The addition of charge accumulation overcomes
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cohesive forces and intensifies repulsive forces among the
charges accumulated inside nanofibers. Therefore, the CNTs
within the polymeric solution would align and disperse
themselves along the fiber axis during the spinning process,
and fibers with smaller diameter and well-dispersed CNTs
are formed [12, 18, 19]. Due to afore-mentioned advantages,
relative studies reported that incorporating of CNTs into the
nanofibers could averagely improve the electric conductivity
and tensile strength of the nanofibrous membrane by 10
orders and 2-to-4 times, respectively [5–17, 20–23].

Although, remarkable physical properties have been
achieved by the use of this method, bulk mechanical prop-
erties of the membrane remain relatively low [5–17, 20–23].
This is because a large number of nanofibers are randomly
stacked one over another to form the membrane, in which,
one fiber is independent of another. It means that the
membrane in nature is a discontinuous stress transmission
carrier, which results a poor mechanical property. So, this
work aims to improve the properties of the membrane by a
simple thermal treatment method, expecting a continuous
mesh membrane can be obtained.

Polyurethane (PU) is a resilient elastomer that has a
wide range of application as coatings, sealants, transdermal
patches, and biomaterials such as catheters and blood-
contacting environments [24]. In the present work, electro-
spinning technique was used to produce multi-walled nan-
otubes(MWNTs) and thermal polyurethane (PU) composite
nanofibrous membranes. A thermal treatment method is
proposed to obtain a membrane with better comprehensive
properties. Morphology, thermal properties, electric con-
ductivity, and mechanical properties of the MWNTs/PU
membranes with and without thermal treatment were exam-
ined by SEM, TEM, TGA, DMA, resistivity measurement,
and tensile testing, respectively. Results have shown that
the thermal treatment method can further enhance the
properties of the membranes, especially the conductivity and
mechanical properties.

2. Experimental

2.1. Materials. MWNTs (purchased from Shenzhen Nan-
otech Port Co., Ltd., China) were modified with carboxyl,
which were functionalized by the manufacturer and with a
carboxyl ratio of 2.3 wt.%. The carboxylic MWNTs is 10 ∼
20 nm in diameter, 5 ∼ 15 μm in length, and purity is greater
than 95%. Thermoplastic PU (BASF, 1185A) was dissolved
in tetrahydrofuran (THF) and N-N dimethylformamide
(DMF) (THF : DMF = 6 : 4 by weight) at 80◦C for 6 hours.
A prepared solution suitable for electrospinning had a total
PU concentration of about 10 wt.%.

2.2. Preparation

2.2.1. Electrospinning. The dispersion of MWNTs in PU so-
lution was prepared with help of a sonicator (model KQ118,
70W, China) for 3-4 h at 60◦C to obtain homogeneous
dispersion. The dispersions were directly used in the elec-
trospinning process. The electrospinning set used in this

Table 1: Samples prepared for characterization.

Sample Concentration of MWNTs (wt.%) Thermal treatment

A 0 No

A′ 0 Yes

B 1 No

B′ 1 Yes

C 3 No

C′ 3 Yes

research was described in [25]. Electrospinning was carried
out at room temperature in air with an injection speed of
3.0 ∼ 4.0 mL/h, a high electric voltage of 23 ∼ 24 kV, and
a distance between electrodes of 13 ∼ 14 cm, respectively.
The nanofibers/nanowebs were received on the surface of
aluminum foil with a random direction, and the thickness
of the obtained nanowebs membrane was in the range of
80–100 μm. The concentration of MWNTs was varied 0, 1,
and 3 wt.%, with respect to the solution mixture (shown in
Table 1).

2.2.2. Thermal Treatment. A thermal processing was applied
to the electrospun nanofibers (shown in Table 1) in web form
to take advantages of dispersing MWNTs in the nanofibers.
Firstly, the nanofibrous membranes were put into a vacuum
drying chamber, a piece of release film was put on the
upper side of the membrane, then covered with a steel
plate to pressurize the membranes. After closing the door
of the chamber, a vacuum was created to the chamber,
and the temperature inside the chamber was increased to
95◦C at a rate of 1-2◦C/min and held at 95–105◦C for 5-
6 hours in a vacuum status. Finally, removed the vacuum
and cooled down the temperature to room temperature. The
thermal processing was expected to increase the structural
stability of the nanofibrous membranes, thereby enabling the
fabrication of membranes with well-dispersed MWNTs and
continuous mesh.

2.3. Characterization

2.3.1. Morphology. The final morphologies and surface
structures of the nanofibers with various MWNTs loadings
were observed with a SEM (Philips XL 30 ESEM instrument).
Fiber diameters within the membrane were measured using
software ImageJ. TEM (HITACHI H-800) was used to con-
firm that MWNTs were embedded in the nanofibers and
aligned along the nanofibers axis. The samples with and
without thermal treatment were observed for a comparison
purpose.

2.3.2. Thermal Analysis. TG analysis was performed for all
the samples using a NETZSCH Instruments STA 449C in
nitrogen gas, at a heat rate of 20◦C/min, from ambient to
600◦C. DMA was operated on a TA Instruments Q800 in
nitrogen gas (at low temperature), operating in the tensile
test mode at an oscillation frequency of 1 Hz. Data were
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Figure 1: SEM images of MWNTs/PU nanofibers without thermal treatment (A, B, and C) and with thermal treatment (A′, B′, and C′).

collected from −110 ∼ 100◦C at a scanning rate of 5◦C/min.
The sample specimens were cut into rectangular bars with
dimensions of 60 mm∗10 mm∗(0.08–0.10) mm.

2.3.3. Electrical Conductivity. Electrical conductivity of all
final membranes was measured using various instruments.
In the case of high-resistance specimens (>107 Ω), a PC68
(Shanghai Precision Instrument Company, China), high-
resistance meter was used, in a three-electrode mode, and
in the low-resistance range (<107 Ω) a Loresta GP resistance
meter was used in a four-probe mode. The conductivities
obtained from above methods are direct-current (DC)
conductivities, which can be calculated using the measured
resistance and the geometry of the samples.

The effective alternating-current (AC) conductivities of
the specimens were measured using an Agilent 4294A im-
pedance analyzer in the frequency range of 40 Hz to 110 MHz

with an AC voltage of 500 mV. Complex impedance modu-
lus, Z, of all samples at different frequencies can be obtained
from the analyzer. Therefore, AC conductivity, σ , can be
calculated from the formula: σ = (1/Z) ∗ (t/A), where t
is thickness of the membranes, and A is the area of the
electrode. The two end surfaces of all samples were coated
with conductive adhesive for ohmic contact.

2.3.4. Mechanical Properties. To characterize the tensile per-
formance of the nanofibrous membranes, a special clamping
fixture was used [25], which was fixed on a universal testing
machine (Model CSS-44020, Changchun Institute of Testing
Machines, China), equipped with a 10 N or 20 N load cell.
All of the test specimens were cut to 50 mm long and 10 mm
wide. Each end was affixed with two pieces of end tapes of
10 mm length on both the sides, leaving a gauge length of
30 mm. Cross-head speed used for testing was 10 mm/min.
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Figure 2: TEM images of MWNTs/PU nanofibers without thermal treatment (B and C) and with thermal treatment (B′ and C′).

3. Results and Discussion

3.1. Morphology. SEM analysis of the pure PU and
MWNTs/PU nanofibers with and without thermal treatment
prepared by electrospinning are provided in Figure 1. As
can be seen the fibers diameter becomes thinner with larger
MWNTs loadings. The average diameter of PU fibers was
observed as 910 ± 300 nm. The diameters decrease to 440 ±
150 nm, and 350 ± 90 nm with MWNTs concentrations
increase to 1, and 3 wt.%, respectively. Note that MWNTs
modify the spinnability of the polymer; thus, the diameter
distribution and morphology of the fibers are changed. It
can be deduced from the fact that there are some free electric
charges within MWNTs, high MWNTs concentration leads a
high surface charge density to the liquid cone, which further
results a bigger acceleration to the jet flow and an increasing
tensile stress to the nanofibers. So, when the other parameters
are keept the same, the increasing MWNTs promote the
splitting of a larger fiber into several small fibers. Therefore,
the fibers become thinner and thinner as shown in Figure 1
(A, B, and C).

It can be seen from Figure 1 (A′, B′, and C′) that the
fiber diameters were measured as 820 ± 280 nm, 420 ±
180 nm, and 340 ± 100 nm, respectively. It shows that
thermal treatment has little effect on the average diameters of
the fibers. Without thermal treatment, the individual fibers
are stacked one over another just by “contacting” mode (as
shown in Figure 1 (A, B, and C), and the junction point
is discontinuous. After thermal treatment, the contacting
fibers are bonded together at the junction point (as shown
in Figure 1 (A′, B′, and C′)). It means that the junction

point is continuous and rigid. Therefore, we can deduce that
the whole membrane forms a continuous stress transmission
carrier after thermal treatment. Figure 1 also illustrates that
the surface of the fibers is smooth without visible bead bars,
indicating that no apparent agglomeration is produced with
the formation of MWNTs/PU ultrathin fibers.

The incorporation of MWNTs into the PU nanofibers
was confirmed by TEM (Figure 2). It can be visible that
the incorporated MWNTs tends to align along the fiber
axis when MWNTs concentration is 1 wt.%. Some of the
MWNTs are well dispersed within PU fibers or on the surface
of the fibers. No significant agglomeration of MWNTs in
PU fibers is observed for the samples with and without
thermal treatment (Figures 2(B) and 2(B′)). Figures 2(C)
and 2(C′) give the TEM images of MWNTs/PU fibers with
3 wt.% MWNTs. Those two images exhibit more MWNTs are
incorporated into the fibers, agglomeration is formed with
higher MWNTs loading shown in Figure 2(C′). It is also seen
from Figure 2(C′) that some visible contacting point of fibers
is bonded together after thermal treatment.

3.2. Thermal Properties. Figure 3 gives the TGA thermo-
grams of all samples in this study. The pure PU, 1 wt.%
MWNTs/PU, and 3 wt.% MWNTs/PU membranes state the
temperature at which 5% (T5%) weight loss occurs at 230◦C,
234◦C, and 240◦C, and completely decomposition around
375◦C, 390◦C, and 384◦C, respectively. While, the thermal
treatment membranes show nearly the same T5%, but
the completely decomposed temperature is 440◦C and
466◦C for the 2 wt.% and 3 wt.% membranes, respectively.



Journal of Nanomaterials 5

100 200 300 400 500
0

5

10

15

20

25
80

85

90

95

100

105

A (pure PU)

B (1 wt% MWNTs)

C (3 wt% MWNTs)

A′ (pure PU)

B′ (1 wt% MWNTs)

C′ (3 wt% MWNTs)

M
as

s
fr

ac
ti

on
(%

)

Temperature (◦C)

Figure 3: TGA curves of the studied MWNTs/PU samples.

Thus, the incorporation of MWNTs into the nanofibers
can decrease the decomposition speed of the PU, but the
thermal treatment has slight effect on the degradation.
The actual content of the MWNTs inside the membranes
can be determined using TGA curves of Figure 3. Residues
of the MWNTs were analyzed at 500◦C because PU and
MWNTs are decomposed at approximately 240 and 800◦C,
respectively. As shown in Figure 3 and Table 1, the contents
of MWNTs are slightly changed, suggesting that the MWNTs
in the polymer solution are successfully embedded into the
nanofibers during the electrospinning process.

Figure 4(a) shows the DMA plots of storage modulus
versus temperature as a function of loading MWNTs.
The modulus drop is credited to an energy dissipation
phenomenon involving cooperative motions of the polymer
chain. The storage modulus steadily increases with higher
MWNTs weight percents. The addition of 1 and 3 wt.% of
MWNTs yields a 96% and 160% increase of the storage
modulus at −70◦C, respectively. The high-aspect ratio and
elastic modulus of MWNTs greatly increase the storage
modulus with higher amounts of MWNTs. It is also seen
from Figure 4(a) that the storage modulus of the membranes,
for example, B′ and C′, increases by nearly 100% as that
of the untreated materials. This is because more MWNTs
contact with each other after thermal treatment, resulting
in a more rigid membrane. But the pure PU membrane is
slightly affected by the thermal treatment. The loss factor
curves, tanδ, of the studied samples measured by DMA are
also shown in Figure 4(b). The peak height of loss factor
decreases with higher MWNTs content, but the temperature
determined from the peak position of tanδ, Tg, increases
to −23 and −18◦C for the 1 and 3 wt.% MWNTs loading
membranes (B and C), respectively, indicating a 13% and
32% increase of the Tg. While, the Tg is further improved
by 17% and 21% (B′ and C′) compared with the untreated
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Figure 4: DMA curves of the studied MWNTs/PU samples. (a) is
storage modulus and (b) is loss factor.

materials (B and C). It also exhibits thermal treatment has
slight effect on the pure PU membrane. In addition, the
width tanδ increases with higher MWNTs contents.

3.3. Conductive Properties. DC conductivity of electrospin-
ning membranes with and without thermal treatment was
measured for the studied samples (shown in Figure 5).
All the experiments were run in similar conditions, giv-
ing repeatability with a deviation of less than 10% with
respect to the average conductivity. The conductivity of the
nanofibrous membranes increases from 2.49 × 10−14 S/cm
to 4.69 × 10−11 and 7.93 × 10−8 S/cm with the MWNTs
loading increasing from 0 wt.% to 1 and 3 wt.%, that is,
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Figure 5: DC Conductivity of nanofibrous membranes with and
without thermal treatment.

3 and 6 orders of magnitude greater than that of neat
PU membrane, respectively. While, DC conductivity of the
thermal treating membranes increases to 4.12 × 10−9 and
8.29 × 10−5 S/cm for B′ and C′ samples, respectively. It
states that the conductivity is improved by 2 to 3 orders of
magnitude greater than that of the untreated MWNTs/PU
membranes. It could be deduced that an interconnected
network of MWNTs exists within in fibers; an outercon-
nected network of MWNTs between fibers also forms. More
conductive paths result better conductivity. According to
the common used classification of the electrical conducting
materials, the materials with electrical conductivity lower
than 10−6 S/cm are treated as insulators, with electrical
conductivity between 10−6 S/cm and 10−2 S/cm as semicon-
ductors, and consequently with greater than 10−2 S/cm as
metals [18, 25]. Thus, the membrane with MWNTs loadings
of 3 wt.% (C′) presented in this work belongs to materials
characterized as semiconductors. This finding indicates the
porous membrane with 3 wt.% of MWNTs loadings after
thermal treatment can be utilized for electrostatic discharge
application.

Figure 6 illustrates the frequency dependence of the AC
conductivity of MWNTs/PU membranes with up to 3 wt.%
of MWNTs measured at room temperature. Depending on
the nanotubes concentration, two distinct behaviors are
observed. For the pure PU membranes (A and A′), as well as
for the 1 wt.% MWNTs/PU membranes (B and B′), AC
conductivity increases linearly with the frequency, showing
a typical behavior for dielectric materials. On the contrary,
the 3 wt.% MWNTs sample (C, without thermal treatment)
exhibits a small DC conductivity plateau (40–260 Hz), where
the conductivity is independent of frequency, above which
the conductivity is linearly increased again. This means the
material begins to translate from dielectric to conductive
materials. While, the thermal-treated sample (C′) shows a
better conductivity and with a lower slope than that of
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Figure 6: AC Conductivity of nanofibrous membranes with and
without thermal treatment versus the frequency.

the C. The conductivity of the polymer/conductive-filler
composites originates from two mechanisms: (1) Ohmic
conduction, through direct contact of conductive fillers, and
(2) non-Ohmic conduction, through the barrier-tunnelling
effect between the conductive fillers separated by a polymer
layer [25]. So, Ohmic conduction is easier in thermal-treated
membranes than in untreated ones, which results in a higher
conductivity.

3.4. Mechanical Properties. Typical stress-strain curves for
pure PU (A), 1 wt.% MWNTs/PU (B), and 3 wt.%
MWNTs/PU (C) membranes are given in Figure 7. The
untreated membranes exhibit a nonlinear elastic behavior in
the low-stress region (0–2 MPa), while the thermal-treated
membranes indicate linear behavior in the whole stress
region. The tensile strength of A, B, C, A′, B′, and C′ is
7.4, 11.1, 14.3, 11.5, 16.9, and 23.8 MPa, respectively (as
shown in Figures 7 and 8(a)). Compared to the sample A,
the tensile strengths of the B and C composites are improved
by 50 and 92%, respectively. This enhancement in the
mechanical properties is evidence of efficient load transfer
to the MWNTs in the composite membranes. Comparing A′

and A, B′ and B, C′ and C, the tensile strength of the former
is increased by 50–60% from that of the latter (Figure 8(a)).
It indicates the proposed thermal treatment method can
efficiently improve the mechanical properties.

A similar trend is seen for the tensile tangent modulus. As
can be seen in Figure 8(b), the thermal treatment causes an
increase in modulus compared to the untreated membranes.
The modulus of the pure thermal-treated PU membrane
is improved by 47% from 3.2 to 4.7 MPa, and the 1 wt.%
MWNTs/PU (B′) is improved by 95% compared to the
untreated B sample. As well as, the thermal treatment of
C′ causes an increase of 143% in modulus as that of the C
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Figure 8: Tensile strength (a) and modulus (b) of the membranes
with various MWNTs concentration.

sample. On the contrary, the elongation at break becomes
smaller by blending MWNTs and thermal treatments.

It could be deduced that the fibers in the membrane are
randomly oriented, which can be classified into three main
events. Fibers oriented parallel to the direction of applied
strain will be stretched and bear the load. Fibers oriented
at smaller angle with respect to the direction of applied
strain will be rotated and then be stretched to carry some
loads. Fibers oriented at larger angle with the direction of
the applied strain as well as approximately perpendicular to
the direction of applied strain will be buckled. The stretched
fibers contribute a large-part stress in the membranes, while
the buckling fibers are considered to contribute zero to the
total stress in the membrane. For the untreated membranes
such as A, B, and C, the fibers within the membranes are
individual, and there is no continuous stress transfer between
the stocking fibers (see also Figure 1 (A, B, and C). So, they
mainly undergo the above-mentioned three events. On the
other hand, the thermal-treated samples, that is, A′, B′, and
C′, the fibers in the membranes are rigidly connected and
form a continuous stress transfer carrier, as well as more
MWNTs connect with each other, which results in a more
efficient transfer of the stress in the membranes. Also, some
fibers oriented at larger angle with respect to the direction of
applied strain will be rotated and stretched because the two
ends of those fibers are bonding with other fibers. Therefore,
more fibers will contribute a force to the membranes for the
case with thermal treatment.

4. Conclusions

Electrospinning technique was used to produce MWNTs/PU
membranes with MWNTs concentration varying from 0, 1
to 3 wt.%. A thermal treatment method was applied to all
the samples. This study indicates the thermal treatment
contributes to form a continuous web of MWNTs/PU fibers.
More fibers are rigidly connected with each other, as well as
more MWNTs connect together, which results in a contin-
uous stress transmission carrier and forms more conductive
paths. Therefore, the storage modulus, tensile strength and
modulus, and conductivity are enhanced significantly. In
conclusion, we have demonstrated the feasibility of using the
thermal treatment method to improve the comprehensive
properties of the MWNTs/PU membranes.
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