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Abstract: Electrical conductive nanocomposite fibers were prepared with polyaniline (PANI), polyacrylonitrile (PAN) and
multi-walled carbon nanotubes (MWCNTs) via electrospinning. The morphology and electrical conductivity of the PANI/
PAN/MWCNTs nanocomposite fibers were characterized by scanning electron microscope (SEM) and Van De Pauw method.
Electrical conductivity of nanocomposite fibers increased from 1.79 S·m-1 to 7.97 S·m-1 with increasing the MWCNTs
content from 3.0 wt% to 7.0 wt%. Compared with PANI/PAN membranes, the mechanical property of PANI/PAN/MWCNTs
nanocomposites fiber membranes decreased. The microwave absorption performance of composite films was analyzed using
waveguide tube, which indicated that with the thickness increasing the value of RL reduced from -4.6 to -5.9 dB.
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Introduction

Electrospinning, a kind of the effective methods to process

polymers into continuous fibers with diameters ranging from

micrometers to nanometers, has attracted significant interests in

a host of fields [1,2]. Due to their large specific surface area,

strong and mutual penetration, fine fabric structure, high

aspect ratio, and better adsorption as well as filtration

properties [3,4], nanofibers have been used in an array of

fields such as biomedical functional materials [5-7], sensors

[8], drug delivery [9], artificial blood vessels [10], fuel cell

membranes [11], super hydrophobicity materials [12],

nanotemplates [13] and catalysts [14]. 

In recent years, conductive polymers, including polythiophene

(PT), polypyrrole (PPy) and polyaniline (PANi), have been

attaching greater importance to this research. Especially

PANi is easy preparation, light weight, low cost, high

conductivity and chemical stability, which bring an increasing

number of applications in chemical sensing, actuators, fuel

cells and electromagnetic interference (EMI) shielding [15-21].

However, some applications are hindered by relative low

conductivity. Therefore it is necessary to blend some other

conductive materials, such as metal nanoparticles, carbon

black, carbon fibers, and carbon nanotubes and so on to

enhance the conductivities. Carbon nanotubes (CNTs) are of

great interest because of their high electrical conductivities

(104 S/cm) and extraordinary thermal conductivity (over

200 W/mK) [22]. Nanocomposites filled with CNTs show

excellent properties and expand the application fields

including semiconductors, supercapacitors, and conducting

composites [23], and so on.

Some researchers have reported the relative works which

have electrospun the conducting composite nanofibers from

a mixture of CNTs, a PANI and poly(ethylene oxide) (PEO)

blend [24,25]. Chen et al. [26] have prepared electrically

conductive aligned polyaniline/polyimide (PI) nanofibers

via electrospinning and the PANi nanoparticles were

uniformly distributed on the surface of PI. Sujith et al. [27]

electrospun highly porous PANI-carbon black composite

nanofiber mats with high conductivity. In addition, it is

microwave absorbing materials that are capable to absorb

electromagnetic signals have been widening applied in

military or commercial fields [28,29]. Fillers including metal

particles and CNTs used to improve the conductivity and

dielectric properties have been added in electrospun nano-

composite fibers, which are investigated as microwave

absorption materials. For example, Chen et al. [30] have

presented Pd/PAN and Ag/PAN nanofibers and characterized

the microwae irradiation. A system of PVA/MWCNT composite

fibers has been fabricated by electrospinning method in

Salimbeygi’s group and the composite nanofibers with 10 %

MWCNT has exhibited a reflection loss of 15 dB [31].

However, there is no report on the electrospun composite

nanofiber films, which contain the polyaniline PANi and

multiwall carbon nanotubes in polyacrylonitrile matrix, to

investigate the microwave absorption performance. It is an

effective approach that provides large surface areas, light

weight, high porosity, high temperature resistance and strong

interfacial strength to prepare polymer matrix composites,

which may be potential to be used in aerospace (stealth

aircraft), communication, environmental protection, radar,

and physical protection, etc.

In this work, the electrospun PAN nanocomposite fibers

with dodecylbenzenesulfonic acid (DBSA) doped PANI

were obtained under appropriate conditions. The surface

morphology, mechanical properties, electrical conductivity*Corresponding author: lengjs@hit.edu.cn
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and microwave absorption of the PANI/PAN/MWCNTs

nanocomposite fibers were investigated by scanning electron

microscopy, Van De Pauw and nanotensile tension as well as

waveguide tube method. 

Experimental

Materials

Polyacrylonitrile (PAN) (Mn=1,500,000) was purchased

from Sigma Aldrich company. Polyaniline (PANI) (Mn=

100,000) was purchased from Sigma Aldrich. Dodecyl-

benzenesulfonic acid (DBSA) was selected as the doping

acid. Multi-walled carbon nanotubes (MWCNTs) were

purchased from Chengdu Organic Chemicals Co. Ltd. The

outer diameter of CNTs was about 10-30 nm and the length

was 10-30 μm. The specific surface area of the CNTs was

more than 140 m2/g. The content of -OH was about

2.48 wt%. Dimethylformamide (DMF) was used as the

solvent. All the chemicals were of analytical purity and used

as received without any further treatment. 

Preparation of Electrospinning Solution

The electrospinning solutions of the PANI/PAN/MWCNTs

with different components were prepared by dispersing the

PANI, PAN and MWCNTs into DMF solvent. The ratio

between DBSA and PANI was 1:3; the 3.0, 5.0 and 7.0 wt%

MWCNTs solutions with PANI 0.2 wt% and PAN loadings

of 8.0 wt% were obtained by magnetic stirring at room

temperature for 24 h to completely dissolve the polymer.

Fabrication of PANI/PAN/MWCNTs Nanofibers

The PANI/PAN/MWCNTs nanocomposite fibers were

fabricated by electrospinning. In this paper, the electrospinning

apparatus was Nanospider, which could simultaneously

provoke innumerable polymeric jets from a sufficiently large

liquid surface to increase the productivity, as shown in

Figure 1(a). The size of large area nanofiber membrane was

about 600×400 mm2. Figure 1(b) was the PAN membrane

blended with PANI which was doped by DBSA and Figure

1(c) was the PANI/PAN/MWCNTs nanocomposite fiber

membrane. The viscous polymer solutions were loaded in

the groove, which was used for storing the electrospinning

solution. The groove and electrode bar are shown in Figure

1(d). The feed rate was 0.9 mm/min and the distance was

18 cm. The high-voltage of the power was 30 to 50 kV. The

electrospun nanofiber membranes were dried in an oven at

50 oC for 2 h and 70 oC for 2 h to remove any residual

solvents.

Characterization

The surface morphologies of the PANI/PAN/MWCNTs

nanocomposite fibers were investigated by a field emission

scanning electron microscopy (SEM, Quanta 200FEG). The

samples for SEM were prepared with high vacuum gold

jetting for 10 min to make the surface conductive. The UV-

Vis absorption spectrum was tested with a UV-Vis spectro-

photometer (JENA SPECORD S600). The wavelength was

from 280 to 800 nm-1. The mechanical property was performed

on a Nanotensile testing (Nano UTMTM Universal Testing

System T150, Agilent Technologies). The tensile strain rate

was set as 1.0×10-3 s-1, and the harmonic force and the

frequency were typically 4.5 mN and 20 Hz, respectively.

The samples were cut into 20 mm×3 mm. The test process

and sample fixture were shown in Figure 2.

Results and Discussion

In order to obtain the conductive polymers, the PANI

doped with DBSA was prepared; a weight ratio of the PANI/

DBSA was 1:3. After doping, the color of solution changed

Figure 1. (a) Schematic diagram of the electrospinning setup, (b) photo of the electrospun PANI/PAN film doped with DBSA, (c) photo of the
electrospun PANI/PAN/MWCNTs film, and (d) photo of groove. 

Figure 2. (a) Nanotensile testing and (b) image of the sample
fixture.
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from blue to dark green. Figure 3(a) shows the UV-Vis

absorption spectra of the PANI(EB)/DMF solution. The

characteristic absorption peak at 321 nm was attributed to

 electronic transitions of benzene, which belonged to

the B belt of phenyl structure [32]. At 606 nm, the UV

absorption peak was caused by the  transitions,

which corresponded to an indirect transition from the unit of

benzene to dopaquinone [33]. As shown in Figure 3b, the

absorption of the PANI (Es)/DMF solution appears. Proton

acids doping triggered the absorption peak shifting from 440

to 490 nm, which generated the conjugation effect. This

change affected the conductive structures of PANI. When

proton acids were doped, the H+ unites with an N atom in the

chain formed a good electron delocalization, which induced

the electronic cloud easily to move. 

The PANI/PAN composite fibrous membranes were

fabricated via electrospinning, during the process, the solvent

evaporated while the polymeric jets sprayed out from the

surface of the electrode to the collector of aluminum plate.

The electrospinning voltage was varied at 55, 60 and 65 kV,

individually, and the others were maintained constant, i.e.,

18 cm spinneret-to-collector distance, and 1.5 rpm rotation

rate. The electrospun solution of 0.2 wt% PANI in DMF

with 8 wt% PAN was used to produce the PANI/PAN

nanocomposite fibers. By visual observation, the electrospun

PANI/PAN membranes appeared to be green, as shown in

Figure 1(b). Figure 4 illustrates the SEM microstructures of

the PANI/PAN nanocomposite fibers with increasing the

applied voltage. Figure 4(a), (b) and (c) show the morphology

π π*→

n π*→

Figure 3. UV-vis absorption spectrum of the PANI/DMF solutions;
(a) PANI (EB) and (b) PANI (ES). 

Figure 4. (a)-(c) SEM images of the electrospun PANI/PAN nanofiber membranes at a voltage of (a) 55, (b) 60, and (c) 65 kV. (d)-(f)
Histograms of the electrospun nanofiber diameter distribution. Their diameters were measured using the Images J. The feed rate was 0.9
mm/min and the distance was 18 cm.
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of the nanofibers at a voltage of 55, 60 and 65 kV, respectively,

the results of which proved that the high quality fibers were

obtained. The electrospun nanofiber membranes were highly

porous in structure and ultrafine. With the voltage increasing,

the fiber diameter increased from 125 nm to 222 nm. The

applied voltage had a significant effect on the morphology of

the nanofibers. Because more charges on the solution

surface could be induced by a higher voltage, which made

the solution jet fully stretched. It was consistent with the

prior reports by other researches [34-37]. 

Figure 5 shows the surface morphology and structure of

the PANI/PAN/MWCNTs nanocomposite fibers, and all

samples are in fibrous structure. The incorporation of MWCNTs

reduced the diameter of the PANI/PAN/MWCNTs nanofibers

under the same applied voltages. The reason for this was that

the addition of the MWCNTs in the polymer solution

enhanced the conductivity [38]. Meanwhile, the diameter

distribution range was broader. Adding 3 wt% MWCNTs,

the nanofiber membrane took on black. When increasing the

MWCNTs concentration to 7 wt%, the color gradually became

dark, as shown in Figure 1(c). The conductive network, by

increasing the MWCNTs content, was formed which induced

the neighboring MWCNTs contacting. The surface morphology

of the PANI/PAN/MWCNTs composite nanofibers was

changed from smooth to rough gradually with the MWCNTs

concentrations increasing. Perhaps some MWCNTs were

not completely embedded in the PANI/PAN matrix and

some protruded MWCNTs made the fiber surface rougher

[38]. During the electrospinning, the MWCNTs were oriented

along the elongation of the polymeric jets [39]. The distribution

of the MWCNTs in the electrospinning solutions played a

critical role in making MWCNTs oriented along the axes of

the PANI/PAN/MWCNTs composite nanofibers. 

To examine the static mechanical behaviors of the electrospun

composite nanofiber membranes, the nanotensile testing was

conducted at room temperature. The engineering stress-

strain curves of the PANI/PAN and PANI/PAN/MWCNTs

nanofiber membranes are plotted in Figure 6, which are

quite monotonic in nature exhibiting a falling rate curve until

failure. The modulus of four samples including (1) 0.2 wt%

PANI/8 wt% PAN, (2) 0.2 wt% PANI/8 wt% PAN/3 wt%

MWCNTs, (3) 0.2 wt% PANI/8 wt% PAN/5 wt% MWCNTs,

and (4) 0.2 wt% PANI/8 wt% PAN/7 wt% MWCNTs were

Figure 5. (a)-(c) SEM images of the electrospun PANI/PAN/MWCNTs nanofiber membrane with different MWCNTs contents: (a) 3 wt%,
(b) 5 wt% and (c) 7 wt%. (d)-(f) Histograms of electrospun nanofiber diameter distribution. Their diameters measured using the Images J.

Figure 6. Engineering stress-strain responses of the electrospun
films; (1) 0.2 wt% PANI/8 wt% PAN; (2) 0.2 wt% PANI/8 wt%
PAN/3 wt% MWCNTs; (3) 0.2 wt% PANI/8 wt% PAN/5 wt%
MWCNTs; and (4) 0.2 wt% PANI/8 wt% PAN/7 wt% MWCNTs.
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calculated to be 0.137, 0.04, 0.036 and 0.030 GPa, respectively.

The tensile strength was 2.21, 0.55, 0.34 and 0.25 MPa,

respectively. Compared with the electrospun PANI/PAN

nanofiber membranes, the mechanical property of the PANI/

PAN/MWCNTs nanofiber membranes decreased. While

adding more MWCNTs caused the electrospun PANI/PAN/

MWCNTs nanofiber membranes weaker. The difference in

their mechanical property could be explained by their intrinsic

morphologies. The surface areas and pore parameters of

electrospun nanofiber membranes are tested via BET analysis,

the results of which are shown in Table 1. From the table we

can see that surface area, pore width and pore volume of

membranes increase with the MWCNTs contents increasing.

The low density of the nanofiber membranes with lots of

pores could affect the mechanical performance. In addition,

the random distribution of the MWCNTs, weak interaction

between the nanofibers and the small diameter of PANI/

PAN/MWCNTs composite nanofibers also caused the

mechanical property decrease [40]. 

Under the condition of normal temperature, static resistivities

of the electrospun samples were measured through a reported

Van De Pauw method [41,42]. The electrical conductivity

values of the samples are shown in Table 2. With increasing

the MWCNTs concentration, the electrical conductivity of

the PANI/PAN/MWCNTs composite nanofibers was increased.

By combining MWCNTs with PANI, it is an effective

strategy to improve the conductivity property for potential

broadened applications.

Equations (1) to (7) were used to calculate ρ for the

samples [41]. 

(1)

(2)

where ρA and ρB were the resists (Ω), ts was the thickness,

V1−V8 was the voltage, I was the current, and. fA and fB were

the geometric factors, which were determined by the symmetry,

and were related to QA and QB (when the samples were

symmetrical, fA=fB=1).

QA and QB could be obtained by measuring the voltage. 

(3)

(4)

In this paper, R1 and R2 were measured for 20 times,

respectively.

(5)

(6)

(7)

Through the above analysis, the electrospun PANI/PAN/

MWCNTs composite nanofibers were investigated. However,

due to the low solubility of PANI and porous structures, the

electrical conductivity of the composite nanofibers without

MWCNTs was lower. By adding MWCNTs, it is possible to

meet the need in new applications such as thermal control

and infrared or radar military camouflage applications for

spacecraft, electric conductive fabric, and conducting coatings.

Equations (8) was applied to evaluate reflection loss [43]. 

(8)

The microwave absorption of specimens was carried out

using waveguide tube method, and the data was recorded by

vector network analyzer under a microwave frequency range

from 3.4 GHz to 18 GHz. The microwave absorption perfor-

mance could be reflected from RL. The negative value of RL

was larger; accordingly, the microwave absorption was greater

[43,44]. RL was relative to the thickness of specimens.

Figure 7 shows the reflection loss of electrospun nanofiber

films (0.2 wt% PANI/8 wt% PAN/7 wt% MWCNTs) in

various thicknesses, including 1.0 mm, 1.5 mm and 2.0 mm,

respectively. With the thickness increasing, the value of RL

ρA

π

ln2
------- fAtS

V2 V4 V1 V3––+( )

4I
------------------------------------------=

ρB

π

ln2
------- fBtS

V6 V8 V5 V7––+( )

4I
------------------------------------------=

QA

V2 V1–

V4 V3–
----------------=

QB
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----------------=
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-------------------------------------
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RAi

20
-------------------= =

R2
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-------------------------------------

Σi 1=

20
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-------------------= =

ρ
ρA ρB+

2
----------------=

RL 20lgS11
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=

Table 1. BET test results of electrospun nanofiber membranes

Sample
BET

surface area 
(m2/g)

Pore 
volume
(cm3/g)

Adsorption
 average pore 
width (4V/A 
by BET) (Å)

PANI/PAN film with 
0 wt% CNTs

3.66 0.00094 8.56

PANI/PAN film with 
3.0 wt% CNTs

4.40 0.0025 15.90

PANI/PAN film with 
5.0 wt% CNTs

6.22 0.0058 35.95

PANI/PAN film with 
7.0 wt% CNTs

7.10 0.0087 63.59

Table 2. The resistivity of the electrospun films with different
MWCNTs

Sample
Thickness

(µm)

Electrical 
conductivity 

(S·m-1)

PANI/PAN film with 0 wt% CNTs 10 5.69×10-4

PANI/PAN film with 3.0 wt% CNTs 30 1.79

PANI/PAN film with 5.0 wt% CNTs 25 3.26

PANI/PAN film with 7.0 wt% CNTs 20 7.97
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reduced from -4.6 to -5.9 dB, which indicated that the

microwave absorption intensity increased, at the same time,

the absorption peak shifted to the higher frequency. 

Conclusion

In this work, the PANI/PAN/MWCNTs nanocomposite

fibers were successfully fabricated using electrospinning.

The surface morphology of resulted samples was studied by

SEM and BET, which showed the fibers were of nanoscale

in diameter and uniform. The electrospun composite nanofibers

demonstrated that the MWCNTs improved the electrical

conductivity of the PANI/PAN nanofibers. While increasing

the amount of MWCNTs, the electrical conductivity was

increased. Furthermore, the PANI/PAN/MWCNTs composite

nanofibers could enhance the interfacial binding force with

other polymer matrixes because of the large surfaces and

porous structures. These composite fibers as microwave

absorption materials are promising for wide applications,

such as electromagnetic shielding, radar, and protection

clothes, etc. 
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