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Novel core-sheath nanofibers, composed of polyacrylonitrile (PAN) core and polypyrrole (PPy) sheath
with clear boundary between them, were fabricated by electrospinning PAN/FeCl3$6H2O bicomponent
nanofibers and the subsequent surface-initiated polymerization in a pyrrole-containing solution. By
adjusting the concentration of FeCl3$6H2O, the surface morphology of PPy sheath changed from isolated
agglomerates or clusters to relatively uniform thin-film structure. Thermal properties of PAN-PPy core-
sheath nanofibers were also characterized. Results indicated that the PPy sheath played a role of inhibitor
and retarded the complex chemical reactions of PAN during the carbonization process.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In the last decade, electrospinning has revived as a fascinating
choice to assemble polymer nanofibers with various morphologies
and functionalities due to its simplicity and cost effectiveness,
along with environmental benignity [1e5]. The unique structural
features, such as high surface-area-to-volume ratio, extremely long
length, and complex porous structure, etc., of electrospun nano-
fibers make them suitable for various applications, including but
not limited to tissue engineering scaffolds [6], drug delivery
systems [7], sensors [8], environmental protection [9,10], nanoscale
electronic and optoelectronic devices [11], catalysts [12,13], and
electrode materials for energy storage and conversion systems
[14,15]. Nanofibers made from simple electrospinning usually
exhibit a solid interior and smooth surface. However, electrospun
nanofibers with unique secondary structures can also be prepared
in order to obtain exceptional functionalities [3,16]. Especially,
electrospun core-sheath nanofibers have gained extraordinary
attention due to the combination of the characteristics of two
different components into one integrity in the axial or radial
direction [16,17]. For example, Wei et al. observed the formation of
core-sheath polyaniline (PANI)-polycarboniate (PC) nanofibers,
derived from the micro-phase separation after the electrospinning
of PANI/PC blend solutions [16,17]. Core-sheath nanofibers can also
be fabricated by other methods, such as co-electrospinning two
different polymer solutions via a spinneret comprising two coaxial
ng).
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capillaries [18,19], template-directed growth [20], surface-initiated
atom transfer radical polymerization (ATRP) [21], and the so-called
‘emulsion electrospinning’ [22].

Electrospun core-sheath nanofibers containing conductive
polymers, such as PPy, are fundamentally important and have wide
applications because of their high electrical conductivity and good
stability under ambient conditions [23e28]. Most conductive
polymers are expensive and hard to be electrospun because of their
poor solubility in most solvents. The preparation of core-sheath
nanofibers through indirect methods combined with electro-
spinning technique is a feasible approach to obtain conductive
polymer nanofiber materials, which may have wide technological
applications in electrical, optical, thermal, and magnetic materials
and devices. In this paper, we report the generation of PAN-PPy
core-sheath nanofibers through electrospinning of PAN and the
subsequent surface-initiated polymerization of pyrrole. The surface
morphologies and the thermal properties of these fibers are also
characterized.

2. Experimental

2.1. Materials

PAN was purchased from Fisher Scientific. FeCl3$6H2O, pyrrole,
N, N-dimethylformamide (DMF) and tetrahydrofuran (THF) were
purchased from SigmaeAldrich. All these chemicals were used
without further purification. DMF solutions of PAN (8 wt %) con-
taining different amount of FeCl3$6H2O (0, 1, 2, 5, and 10 wt %) were
prepared at 60 �C with mechanical stirring for at least 48 h.
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2.2. Electrospinning of PAN/FeCl3$6H2O nanofibers

Avariable high voltage power supply (Gamma ES40P-20W)was
used to provide a high voltage (around 10 kV) for electrospinning
with 0.5 ml h�1

flow rate and 15 cm needle-to-collector distance.
The electrospun PAN/FeCl3$6H2O nanofibers were accumulated on
an aluminum foil surface and collected as a fibrous mat.

2.3. Fabrication of PAN-PPy core-sheath nanofibers

PPy was obtained on electrospun PAN nanofibers by surface-
initiated polymerization of pyrrole monomers using Fe3þ as an
oxidant. PAN nanofibers (about 2 g) were immersed in 20 ml THF
solution of pyrrole (5ml), followedby adding about 20mlHCl (0.1M)
aqueous solution. The mixture was shaken vigorously for 0.5 h. The
polymerization of pyrrole was initiated by the Fe3þ in electrospun
PAN nanofibers at room temperature. During the polymerization,
PAN nanofibers changed appearance fromwhite to dark as the result
of the formation of black PPy on the surfaces. Nanofibers with PPy
sheath were then washed with THF and acetone for several times to
remove the non-reacted pyrrole monomers.

2.4. Carbonization of PAN-PPy core-sheath nanofibers

PAN-PPy core-sheath bicomponent nanofibers were first stabi-
lized in air environment at 280 �C for 6 h (heating rate was
5 �C min�1) and then carbonized at 600 �C for 8 h in argon atmo-
sphere (heating rate was 2 �C min�1).

2.5. Morphologies of nanofibers

The morphology of electrospun pure PAN, PAN/FeCl3$6H2O,
PAN-PPy core-sheath nanofibers, and the corresponding carbonized
Fig. 1. SEM images of PAN/FeCl3$6H2O nanofibers with differen
nanofibers were evaluated using scanning electron microscopy
(JEOL 6400F Field Emission SEM at 5 kV). PAN-PPy core-sheath
nanofibers were also characterized using transmission electron
microscopy (TEM) (FEI Tecnai G2 Twin)with an accelerating voltage
of 120 kV.

2.6. ATR-FTIR spectroscopy

Pure PAN, PAN/10 wt% FeCl3$6H2O and the corresponding PAN-
PPy core-sheath nanofibers were evaluated using attenuated total
reflection fourier transform infrared spectroscopy (ATR-FTIR). The
spectra were collected from an FTIR spectrometer (Nicolet 560) in
the wavenumber range of 3700e700 cm�1 at room temperature.
Sixty-four scans were conducted to achieve an adequate signal-to-
noise ratio.

2.7. Thermal analysis

Thermal properties of pure PAN, PAN/10 wt% FeCl3$6H2O and
the corresponding PAN-PPy core-sheath nanofibers were evaluated
using differential scanning calorimetery (DSC) from 25 to 400 �C at
a heating rate of 10 �C min�1 in a nitrogen atmosphere (Thermal
InstrumentsDSC-Q2000). Thermo-gravimetric analysis (TGA) was
also used to determine the weight loss of these nanofibers at
10 �C min�1 from 25 to 800 �C in air environment (Thermal
Instruments TGA-Q500).

3. Results and discussion

3.1. Surface morphologies of the prepared nanofibers

Fig. 1 presents the SEM images of electrospun PAN/FeCl3$6H2O
composite nanofibers with different FeCl3$6H2O contents. All
t FeCl3$6H2O contents: (A) 1, (B) 2, (C) 5 and (D) 10 wt%.
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nanofibers present relatively uniform morphology and randomly
oriented structure. With the increase of FeCl3$6H2O content, the
fiber diameter increases, which may be the result of the changes
in solution viscosity, surface tension, and conductivity caused by
the addition of ions [3,10,29,30]. The uniform fiber morphology is
Fig. 2. SEM images of PAN-PPy core-sheath nanofibers made from electrospun PAN/FeCl3$6
totally changed after the surface-initiated polymerization of
pyrrole (Fig. 2). From Fig. 2, it is seen that after the polymeriza-
tion, PAN/1 wt% FeCl3$6H2O nanofibers show some non-unifor-
mities and irregularities. When the FeCl3$6H2O content increases
to 2 wt%, distinct PPy clusters or agglomerates appear on fiber
H2O with different FeCl3$6H2O contents: (A, B) 1, (C, D) 2, (E, F) 5 and (G, H) 10 wt%.



Fig. 4. ATR-FTIR images of (a) pure PAN, (b) electrospun PAN/10 wt% FeCl3$6H2O, and
(c) corresponding PAN-PPy core-sheath nanofibers.
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surface. At 5 wt % FeCl3$6H2O content, the PPy phase turns to
a continuous and elongated fibrillar sheath structure wrapping
the electrospun PAN/FeCl3$6H2O nanofiber surface. The PPy
sheath can also been seen from the PAN/10 wt % FeCl3$6H2O
nanofibers after the polymerization. The formation of core-shell
nanofiber structure is further confirmed by Fig. 3, which shows
the TEM images of PAN/FeCl3$6H2O nanofibers (5 and 10 wt %
FeCl3$6H2O) after the polymerization of pyrrole.

3.2. ATR-FTIR of nanofibers

In order to confirm the presence of PPy sheath, ATR-FTIR
measurements were performed on the electrospun PAN/10 wt%
FeCl3$6H2O nanofibers before and after the surface-initiated poly-
merization, and the results are exhibited in Fig. 4. For comparison, the
FTIR spectrumof pure PANnanofibers is also shown. It is seen that all
of the spectra contain three prominent peaks at around 2930, 2245,
and 1450 cm�1, which can be assigned to the stretching vibration of
the methylene (eCH2e) group, the stretching vibration of nitrile
groups (eCN), and the bending vibration of methylene (eCH2e) of
PAN, respectively [4,10]. In addition, the intensities of these charac-
teristic peaks increase after the surface-initiated polymerization of
pyrrole. Before polymerization, there are intermolecular interactions
between PAN and Fe3þ ions in electrospun PAN/10 wt% FeCl3$6H2O
nanofibers, such as the coordination of Fe3þ ions with eCN, or the
complex formedby Fe3þ ionswithbothDMFandPAN[30e32],which
Fig. 3. TEM images of PAN-PPy core-sheath nanofibers made from electrospun P
mayleadto relativelyweakcharacteristicpeaks ataround2930, 2245,
and 1450 cm�1, comparedwith pure PAN. However, after the surface-
initiated polymerization, the PPy sheath is formed and significantly
amount of Fe3þ ions may be reduced. In addition, the PPy phase may
also affect or even inhibit the possible interactions between reduced
Fe3þ ions and PAN cores. As a result, the former interactions between
PAN chains and Fe3þ ions decrease, and the intensities of the PAN
characteristic peaks increase. It should be noted that the similar
report about the interactions betweenmetal ions and PAN/PPychains
AN/FeCl3$6H2O with different FeCl3$6H2O contents: (A, B) 5, (C, D) 10 wt%.
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is relatively deficient. Further research along with other character-
izations is necessary to identify this issue.

From Fig. 4, it is also seen that after the surface-initiated poly-
merization, a new peak appears at 1547 cm�1, which may be
assigned to the typical PPy ring vibrations. In addition, the peaks at
1178, 1040, and 900 cm�1 may correspond to the NeC stretching
and the ¼ CeH out-of-plane and in-plane vibrations in PPy,
respectively [24,32e35]. The changes in ATR-FTIR spectrum after
the surface-initiated polymerization demonstrate that PPy sheath
has been formed on the nanofiber surface.
Fig. 6. TGA thermograms of (a) pure PAN, (b) electrospun PAN/10 wt% FeCl3$6H2O, and
(c) corresponding PAN-PPy core-sheath nanofibers.
3.3. Thermal analysis of nanofibers

In order to investigate the thermal properties of electrospun
pure PAN, PAN/FeCl3$6H2O nanofibers, and the corresponding PAN-
PPy core-sheath nanofibers, DSC and TGA characterizations were
performed. Fig. 5 compares DSC thermograms of pure PAN,
PAN/10 wt% FeCl3$6H2O, and PAN-PPy core-sheath nanofibers in
nitrogen atmosphere. Electrospun pure PAN nanofibers exhibit
a relatively large exothermic peak at about 290 �C, which derives
from the complex and multiple chemical reactions (i.e., dehydro-
genation, instantaneous cyclization, and crosslinking) of PAN
during the process of thermal treatment via the free radical
mechanism [25,29,30,36,37]. In the presence of Fe3þ ions, the
exothermic peak shifts to a higher temperature, and the peak also
becomes broader compared to that of pure PAN nanofibers. In
addition, the peak intensity decreases after the addition of
FeCl3$6H2O. The broadening of the exothermic peak in the presence
of Fe3þ ions suggests that Fe3þ ions modify the activity of the free
radicals involved in the above-mentioned complex chemical reac-
tions. The decreased peak intensity is due to the interactions
between PAN and Fe3þ ions (Fig. 4), which inhibit the formation of
free radicals on the nitrile groups and subsequent reactions. For
PAN-PPy core-sheath nanofibers, the exothermic peak becomes
sharper again, and the peak position shifts to a higher temperature
of about 320 �C. Similar to the case of PAN/FeCl3$6H2O nanofibers,
the reduced Fe3þ ions in PAN-PPy core-sheath nanofibers can also
modify and reduce the formation of free radicals involved in the
complex chemical reactions. In addition, the coated PPy sheathmay
also have an inhibit effect on the above-mentioned complex
chemical reactions. As a result, the combined contribution of
reduced Fe3þ ions and PPy sheath retards the formation of free
radicals on the nitrile groups of PAN and subsequent re-combina-
tions between the radicals inter- or intra-molecularly, leading to
the increase in the exothermic peak temperature for PAN-PPy core-
sheath nanofibers [36].

Fig. 6 shows the TGA thermograms of electrospun pure PAN,
PAN/10 wt% FeCl3$6H2O, and the corresponding PAN-PPy core-
Fig. 5. DSC curves of (a) pure PAN, (b) electrospun PAN/10 wt% FeCl3$6H2O, and (c)
corresponding PAN-PPy core-sheath nanofibers.
sheath nanofibers under air environment. The TGA thermograms
indicate that the thermal stability of PAN/10 wt% FeCl3$6H2O
nanofibers is reduced compared with that of pure PAN nano-
fibers. For example, the majority of weight loss of pure PAN
nanofibers in air occurs in two steps at about 320 and 500 �C,
respectively, while PAN/10 wt% FeCl3$6H2O nanofibers have
major weight losses at about 260 and 350 �C, respectively. The
reduced stability can be explained by the interactions formed
between Fe3þ ions and PAN, which accelerate the oxidative
stabilization reactions that are known to occur when PAN is
thermally treated in an air environment [14,36,38]. In the case of
PAN-PPy core-sheath nanofibers, the weight loss temperatures
upshift to about 300 and 500 �C, respectively. This may be the
result of the combined effects of both PPy and the reduced Fe3þ

ions. The former is easy to be degraded when thermal treatment
in air environment, while the presence of the later can reduce the
interactions between Fe3þ ions and PAN. These combined effects
make the PAN-PPy core-sheath nanofibers decompose at higher
temperatures compared with the corresponding PAN/10 wt%
FeCl3$6H2O. However, these temperatures are still lower than
those of pure PAN.
3.4. Surface morphologies of carbonized nanofibers

Fig. 7 shows SEM images of carbon nanofibers obtained by the
carbonization of PAN-PPy core-sheath nanofibers. It is seen that
these core-sheath nanofiber-driven carbon nanofibers have
undulated and wrinkled surface morphology and their diameters
are slightly smaller than those of corresponding PAN-PPy core-
sheath nanofibers (Fig. 2), which may be due to the liberation of
hetero-atoms and the densification of carbon atoms in polymer
chains during the thermal treatment [25,29,30,37]. In addition,
when PPy/PAN ratio changes in PAN-PPy core-sheath nanofibers,
the microstructures of the carbonized nanofibers also change. It
should be noticed that PPy is also one important carbon source
although it is relatively easy to be degraded when thermally
treated in air environment. As a result, these fibers keep their
fibrous morphology after the two-step carbonization processes.
The prepared CNFs should come from both PPy and PAN
components [25]. It is well-known that carbon materials can be
used as electrodes in energy storage devices, such as recharge-
able lithium-ion batteries and supercapacitors, in which the
improvement of the energy density along with other electro-
chemical performance are strongly dependant on the crystalline
phase microstructure and micro-morphology of the carbona-
ceous material [39]. One-dimensional nanostructured composites
have been demonstrated to have suitable structures and func-
tionalities for energy storage [40,41]. We therefore anticipate



Fig. 7. SEM images of thermally treated PAN/FeCl3$6H2O composite nanofibers through stabilization and carbonization processes with different FeCl3$6H2O contents: (A, B) 1, (C, D)
2, (E, F) 5, and (G, H) 10 wt%.
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that the special surface morphology and microstructures of the
carbon nanofibers derived from PAN-PPy core-sheath nanofiber
with different PPy component may have promising electro-
chemical properties when used as electrodes in energy storage
systems.
4. Conclusions

PAN-PPy core-sheath composite nanofibers were prepared by
a judicious combination of electrospinning technique and surface-
initiated polymerization processes using Fe3þ as an oxidant. It was
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found that with increase in Fe3þ content, the PPy sheath structure
changes from particle-like, fibrillar, to continuous coating. As-
formed core-sheath nanofibers can be thermally treated to prepare
carbon nanofibers. Therefore, the combination of electrospinning
and surface-initiated polymerization is a feasible approach to
prepare conducting core-sheath nanofibers and carbon nanofibers
for various applications, including electrodes for energy storage
and conversion systems, catalyst supports, sensors, and water
purification, etc.
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