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Abstract Ultrafine polyacrylonitrile (PAN) fibers, as a
precursor of carbon nanofibers, with diameters in the range
of 220-760 nm were obtained by electrospinning of PAN
solution using N,N-dimethyl formamide (DMF) as solvent.
Morphology of the nanofibers for varying concentration
and applied voltage was investigated by field emission
scanning electron microscopy (FESEM). The thermal
properties and structural changes during the oxidative
stabilization process were primarily investigated by differ-
ential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and Fourier transform infrared (FT-IR)
and Raman spectroscopy. The nanofiber diameters increase
as the applied voltage is increased and they also increase
with an increase in the concentration of the polymer
solution. It was also concluded that the electrospun fibers
displayed a very sharp exothermic peak at 297.34 °C. A
transition temperature observed by FT-IR and Raman was
approximately 300 °C, which was closely consistent with
the results of DSC and TGA studies. It was also found that
oxidative stabilization in air was accompanied by a change
in color of nanofibers webs.
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Introduction

Various polymer solutions or melts [1], composites [2], and
sol-gel ceramics [3] have been successfully electrospun
into nanoscale, or ultrafine fibers by the use of electro-
spinning which has been commonly accepted in the past
few years on account of the remarkable simplicity,
versatility, and potential uses of this approach. Although
electrospinning has not been widely used in an industrial
scale at present, tremendous progress has been made to
improve the related equipment and processes. Kim et al. [4]
introduced a modified electrospinning process to improve
the mass productivity of multi-nozzle electrospinning, using
an auxiliary electrode for increasing the production rate of
nanofibers manufacturing. Bead formation should be
avoided as possible according to the results of Fong et al.
[5]. Ali and Hamid [6] studied the optimization of some
electrospinning parameters, such as spinning angles, charge
density, etc. for preparing a precursor of carbon nanofibers.
For many applications, it is critical to control the alignment
of the fibers. Electrospinning fibers, however, are often
collected in the form of randomly oriented, non-woven
fabrics. Some research groups have demonstrated the
ability to directly collect electrospun nanofibers as uniax-
ially aligned arrays by the use of a rotating drum [7] or a
pair of split electrodes as the collector [8]. Smit et al. [9]
also obtained continuous uniaxial fiber bundle yarns by
electrospinning onto a water bath collector followed by a
take-up roller.

Nanofibers are expected to be used in various fields,
such as catalysis [10], scaffolds for tissue engineering [11],
drug delivery systems [12, 13], antibacterial agents [14],
super-paramagnetic field-responsive materials, filtration,
wound dressings, and so on. Potential applications of
electrospun nanofibers in energy generation, defense and
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security, biotechnology and environmental engineering, and
healthcare have been reviewed in detail by Ramakrishna
et al. [15]. Conductive nanofibers or webs have potential
for applications in the fabrication of tiny electronic devices.
Fundamental studies have demonstrated that carbon nano-
fibers possess an unusual combination of properties that
include high mechanical properties, high surface area and
high electrical conductivity. It is well-known that nanoscale
or ultrafine polyacrylonitrile(PAN) precursors can be trans-
formed into conductive carbon nanofibers, [16] which can
be used to produce carbon—carbon nanocomposite fibrils
with carbon nanotubes [17, 18], or to be an ideal candidate
for the anode material of high-power lithium-ion batteries.
Carbon nanofibers are also finding applications in uncon-
ventional energy sources and storage cells, and synthetic
and rubber industries [19].

To prepare traditional polyacrylonitrile-based carbon
fibers in mass scale, three key steps are necessary including
(1) spinning a polymer into fibers; (2) an oxidative
stabilization process, also named as preoxidation at 200—
300 °C under air atmosphere; (3) a carbonization process
performed at 400-1,400 °C commonly under nitrogen
atmosphere, sometimes in argon gas. The same is true of
electrospun nanofibers of PAN. The oxidative stabilization
is a time-consuming and reaction-controlling step during
the conversion of fiber precursors to resulting carbon fibers
and should be optimized in order to improve the final
mechanical properties of carbon fibers. A radical reaction
mechanism for a PAN homo-polymer precursor and an
ionic reaction mechanism for one originating from copoly-
mers of acrylonitrile and itaconic acid, acrylamide, etc. [20]
were put forward. Sutasinpromprae et al. [21] reported the
fabrication and characterization of ultrafine PAN fibers by
electrospinning and further development of the as-spun
fibers into ultrafine carbon fibers. They also investigated
the effects of solution conditions (i.e., solution concentra-
tion, viscosity, conductivity, and surface tension) and
process parameters (i.e., applied electrostatic field strength,
emitting electrode polarity, nozzle diameter, and take-up
speed of a rotating-drum collector) on morphological
appearance and average diameter of the as-spun PAN
fibers. Kim et al. [22] and Wang et al. [23] reported Raman
spectroscopic evaluation of PAN-based carbon nanofibers
prepared using electrospinning.

Oxidative stabilization is considered to be the most
decisive step, and it is also of the utmost importance in
industrial fabrications, since it significantly governs the
final structure and ultimate mechanical properties of the
carbon fibers [24]. However, few studies on the oxidative
stabilization of electrospun PAN fibers have been under-
taken. In the present contribution, PAN homopolymers
were electrospun into ultrafine nanofibers. The effects of
solution concentration and applied voltage on the morphol-
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ogy and sizes of nanofibers were of primary concern. The
thermal properties related to heat treatment and structural
changes of nanofibers during the process of oxidative
stabilization performed at 250-310 °C in air were in
investigated detail.

Experimental
Materials

Polyacrylonitrile(PAN) (Product Number 18,131-5) with
150,000 weight average molecular weight was obtained
from Sigma-Aldrich. The 99% N,N-Dimethylformamide
(DMF) (Product Number D158,550) was also purchased
from Sigma-Aldrich and used without further purification.
A predetermined amount of PAN was added to DMF at
room temperature, oscillating for 2 h in an incubator,
followed by stirring using a magnetic stirring apparatus at
60 °C for 6 h to obtain a homogenous polymer solution
with concentration of 8 wt.% (by weight), 10 wt.%, or
12 wt.%, to be used to obtain nanofibers using electro-
spinning. For comparison, a PAN film was also cast from a
10 wt.% PAN/DMF solution and dried in a vacuum oven.

Electrospinning of nanofibers and their oxidative
stabilization

For a typical electrospinning procedure, a PAN/DMF
polymer solution was loaded into a 20 ml plastic syringe
equipped with a 0.8 mm (inner diameter) and 1.1 mm
(outer diameter) gauge needle made of stainless steel. The
needle was connected to a high-voltage supply (PS/
FC30R04.0-22, Glassman High Voltage, UK) that is
capable of generating direct current (DC) voltages up to
22 kV. The solution was constantly and controllably
supplied using a syringe pump (SP230IWZ Syringe Pump,
USA) at a flow rate of 0.5 or I ml h™'. A flat metal plate
with aluminum foil placed below served as a grounded
counter electrode. In this study, the grounded targets were
always placed at 10 cm (tip-to-collector) from the needle
tip. The fibers were collected on the aluminum foil in the
form of non-woven fabric.

The as-spun nanofibers were heated from room temper-
ature at a heating rate of 1 °C min' to heat treatment tem-
peratures (HTT) at 250, 280, 300, 310 °C, respectively, by
using a Carbolite ESF 12/10 muffle furnace (made in U.K.).
After reaching the specified temperature, the fibers were
oxidatively stabilized without being stretched for predeter-
mined times in air. For the aim of comparison, the fibers as-
stabilized at 310 °C were subsequently carbonized by
heating at a heating rate of 2 °C min in Argon gas by use of
the Carbolite tube furnace.
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Differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA)

The exothermic reaction of electrospun PAN precursor fibers
was determined by the use of DSC which was carried out on
a DSC-Q100 module of a TA instruments (USA). These
DSC studies were performed at a heating rate of 10 °C in
nitrogen atmosphere with sample weights of about 5 mg. The
thermal stability of the electrospun fibers were also measured
by thermogravimetric analysis (TGA) with samples of
1.3 mg using a Hi-Res Modulated TGA 2950 TA Instru-
ments up to 800 °C at a heating rate of 10 °C min~' in N,.

Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectra were obtained by
the use of a NICOLET 5700 FT-IR Microscope (USA).

Scanning electron microscope (SEM)

The as-electrospun fibers were observed in a Philips XL30
FEG field emission scanning electron microscopy
(FESEM) with operating voltage of 2 kV. Samples were
mounted onto SEM plates and sputter coated with gold to
examine the morphological appearance and size of fibers.
In order to obtain the diameter of the fibers, at least 50
readings were recorded, from which an arithmetic mean and
a standard deviation were obtained.

Raman spectroscopy

The Raman spectra were obtained using a Renishaw 1000
Raman microprobe system and were excited using the
514.5 nm green line of a 10 mW argon ion laser under
ambient conditions with exposure time of 30 s and
accumulating 2 times. The microscope used a 50-time
objective lens to focus the laser beam on the sample surface.

Results and discussion
The morphology of electro-spun PAN precursors

In the electrospinning process, when the electric force on
induced charges on the polymer liquid overcomes surface
tension, a thin polymer jet is ejected [25].The polymer jet
thinning trajectory is in a very complicated three-dimensional
“whipping” way, caused by bending instability, rather than in
a straight line [26].There are three kinds of instability modes
during the process of electrospinning: Rayleigh instability,
axisymmetric instability, and whipping instability [27].
Which instability dominates depends strongly on the surface
charge density and radius of the jet. However, the properties

of the solution, such as concentration and viscosity, as well
as applied voltage and tip-to-collector distance may be
adjusted in order to obtain a stable jet.

Figure 1 shows some selected FESEM images of as-
electrospun nanofibers with varying applied voltages. The
diameters of as-electrospun PAN fibers at various applied
voltage are listed in Table 1. In this study, the diameters of
the as-spun fibers increase as the applied voltage is
increased. This is the reason that the increase of applied
voltages will result in an increase in the electrostatic force
acting on an infinitesimal segment of an ejected, charged jet,
which may result in an increase in the mass throughput of
the polymer solution to cause the initial increase in the fiber
size [13]. However, if applied voltage is too high, for
example, higher than 20 kV, it may possibly cause multiple
jets, which will result in not only clogging or splitting
because of large instability but also final variances in fiber
diameters. It was also noted that some beaded, or other
abnormal-shape fibers, such as dumbbell or shuttle ones,
were found for electrospinning with a high applied voltage of
20 kV, as shown in Fig. le and f.

In the electrospinning process, different results concerning
the relationships between the as-spun fiber diameters and the
applied voltage were concluded. Some researchers found that
the diameters of as-spun PAN fibers increase with increasing
applied voltage. Ashraf and Hamid [6] found that the
optimum charge density was 2.5 kV/cm and, then further
increasing the charge density would increase the fiber
diameter. In the report of Deitzel et al. [28], increasing the
voltage causes the rate at which solution is removed from
the capillary tip to exceed the rate of delivery of solution to
the tip needed to maintain the conical shape of the surface.
This shift in the mass balance would increase instability of
the jet at the spinning tip and the fiber bead density. Our
observation is in qualitative agreement with these results. On
the other hand, some researchers concluded that the
diameters of as-spun PAN fibers decrease with increasing
applied voltage. In the studies by Kalayci et al. [29], by
Fennessey and Farris [30], and by Kedem et al. [31], the
fiber diameter decreased with applied voltage, which creates
a stronger electric force drawing and thinning the fibers.
Wang and Kumar [32] varied charge density by increasing
the voltage from 13 to 27 kV while keeping the tip-to-
collector distance constant at 10 cm. They reported that the
fiber diameters decreased with increasing applied voltage, or
the fiber diameters did not exhibit a significant dependence
on applied voltage for all given solution concentration
conditions. Gu et al. [33] also found that the diameter of
electrospun PAN fibers did not change significantly over the
range of applied voltage for the various solution concen-
trations. Varaporn et al. [13] reported the as-spun fibers
diameters initially increased, reached a maximum value, and
then decreased with increasing applied voltage.
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Fig. 1 Selected FESEM images
of electrospun PAN fibers
resulting from different applied
voltages: 10 kV (a, b); 15 kV
(c, d); and 20 kV (e, f). Elec-
trospinning conditions: polymer
solution concentration, 10 wt.%;
flow rate, 1 ml h™'; tip-to-col-
lector, 10 cm

B0 pm

The inconsistency might be due to the difference of the
experimental conditions. Whether or not the fibers size should
increase or decrease with increasing applied voltage depends
very much on the ability of the system to supply the polymer
solution from the reservoir to the opening of the needle as well
as the viscosity. If the flow rate was much less than the rate at
which the electrostatic stress tries to pull the charged jet
towards the target, the final fiber diameters should decrease. In
our study, it was confirmed that the diameters of the as-spun
fibers increase with increasing the applied voltage. However,
if the applied voltage was higher than 20 kV, highly unstable
streams whipped around in different directions, thus resulting
in significantly larger differences in fiber diameters.
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Figure 2 shows some selected FESEM images of as-spun
nanofibers with varying the concentration of PAN/DMF
solutions. Table 2 is the diameter values of as-electrospun
PAN fibers at various polymer solution concentrations. It is
demonstrated that the fiber’s diameter increases as the
concentration of the polymer solution increases. This is
because of the increase in volume percent of solid in the
solution and viscosity as a result of increased solution
concentration with keeping other parameters unchanged. It
was also seen that by using lower concentration, regardless
of the electrospinning voltage, the polymer solution did not
form nanofibers but fine droplets were liable to form,
falling on the collecting target.
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Table 1 Diameters of as-electrospun PAN fibers at various applied
voltages

Table 2 Diameters of as-electrospun PAN fibers at various polymer
solution concentrations

Applied voltage (kV) 10 15 20

Diameter (nm) 495+50 535+60 760+120

Electrospinning conditions: polymer solution concentration, 10 wt.%;
flow rate, 1 ml h™!; tip-to-collector, 10 cm.

Thermal properties of electrospun PAN precursors

It is necessary to acquire information about the thermal
properties of precursor fibers before heat treatment to
transform to carbon fibers. Here, DSC curves were obtained
in nitrogen atmosphere, as shown in Fig. 3. The electrospun
fibers and PAN film display very sharp exothermic peaks at
297.34 °C and 296.48 °C, respectively, which is in
excellent agreement with the DSC pattern of a typical
PAN homopolymer [34]. The peak is regarded as the result
of cyclization of the nitrile groups of PAN, which
corresponds to the oxidative stabilization process; further
heated at higher carbonization temperature results in trans-
forming to the graphite-sheet-like ladder structure of carbon
fibers. Gu et al. [35] compared the difference of DSC
thermograms between the elcetrospun PAN fibers and a cast
film originated from identical PAN resin. They found that
the peak shifted to lower temperature for electrospun fibers

Fig. 2 Selected FESEM images
of electrospun PAN fibers
resulting from polymer solution
concentrations 8 wt.% (a);

10 wt.% (b); and 12 wt.% (c).
Electrospinning conditions: ap-
plied voltage, 10 kV; flow rate,
Imlh! tip-to-collector, 10 cm

Polymer solution concentration 8 10 12
(wt.%)

Diameter (nm) 220+£35 495+50 620+80

Electrospinning conditions: applied voltage, 10 kV; flow rate, 1 mlh ™' ;
tip-to-collector, 10 cm.

as compared to that of cast film. In this study, however,
there are no notable peak shifts between the DSC curve of
electro-spun PAN fibers and that of the corresponding PAN
films. The reason for this is not very clear yet. A possible
explanation is that there is no notable increase in the
crystallinity degree and/or orientation index for electrospun
jet fibers, as a result of, that molecular chains are not
rearranged regularly within the electrospun fibers during
the high speed electrospinning process.

Figure 4 shows TGA curves of the electro-spun PAN fibers
using a heating rate of 10 °C min' in the temperature range
from room temperature to 800 °C. A slight loss of mass took
place from about 95 to 120 °C due to the release of water.
The main mass loss from 280 to 330 °C, attributed to the
pyrolysis of the fibers, was in agreement with the peak on
the DSC curve of electrospun PAN fibers; the loss slowed
down above 330 °C to give a yield of 41% at 800 °C. TGA
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Fig. 3 The DSC thermograms of PAN film and electrospun precursor
fibers

can be utilized to determine the starting temperature of
oxidative stabilization and carbonization of fibers.

Changes in structure and morphology of nanofibers

When PAN nanofibers were heated in the presence of oxygen,
the resulting ladder structures formed in the polymers caused
the initial changes in color of nanofibers webs. As shown in
Fig. 5, oxidative stabilization in air is accompanied by a
change in color from white to reddish-brown, tan in the end.
Furthermore, when the as-stabilized fibers were carbonized
at elevated temperature, up to 450 °C in Argon gas, a dark
brown nanofibers web was obtained. These molecular
structure changes in the nanofibers can be further confirmed
by the following FT-IR and Raman studies.

100 —~—

80 r
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o
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Fig. 4 The TGA curves of electrospun PAN precursor fibers
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Figure 6 shows the FT-IR spectra of PAN nanofibers after
different heat treatment temperature (HTT) and time. The
vibrations characteristic of PAN structure are those of CN
nitrile group at approximately 2,243-2,241 c¢cm ', and the
bands in the regions 2,931-2,870, 1,460-1,450, 1,380-1,350,
and 1,270-1,220 cm ' which are assigned to the aliphatic
CH group vibrations of different modes in CH and CH, [36].

As the HTT is increased, the most prominent structural
changes were the decrease in the intensities of the 2,243—
2,241 cm !, attributed to C=N band, and the decrease of
those for aliphatic C—H ones, respectively, concomitant with
the advent and increase of a shoulder-like peak at
1,700 cm™'(due to cyclic C=0), the band at 1,590 cm ™' (due
to C=N, C=C, N=H mixed), and the band at 810 cmﬁl(due to
C=C=H) [37]. These spectroscopic results show that some
chemical processes occurred during the stages of oxidative
stabilization, which is also in excellent agreement with those
changes in PAN fibers prepared by a traditional wet, dry, or
dry—wet spinning approach. [34] Firstly, reaction of nitriles
results in conjugated C=N containing structures which result
from intramolecular cyclization or intermolecular crosslink-
ing. Secondly, the generation of conjugated C=C structures
results from dehydrogenation or from imine—enamine tauto-
merization and subsequent isomerization [38]. Thirdly,
oxidation gives rise to carbonyl groups. In addition, the
transition temperature, approximately 300 °C, displayed in
the structural changes from FT-IR spectra, is consistent with
the results of our DSC and TGA studies.

To analyze the microstructure, Raman spectroscopy has
been used because it is very sensitive to subtle variations in
the structure of carbon-based materials which can not be
characterized by FT-IR when their precursors are heated to

Fig. 5 Photographs of nanofibers webs: a electrospun as-spun fibers
web (white), b as-stabilized fibers web (buff) (250 °C, 30 min in air),
¢ as-stabilized fibers web (vellow) (280 °C, 30 min in air), d as-
stabilized fibers web (reddish-brown) (300 °C, 30 min in air), e as-
stabilized fibers web (brown) (300 °C, 120 min in air), f as-stabilized
fibers web (tan) (310 °C, 120 min in air), g as-carbonized fibers web
(dark brown) (450 °C, 120 min in argon gas)
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Fig. 6 The FT-IR spectra of 140 , , , ,
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high enough temperature. Fig. 7 shows Raman spectra of
the nanofibers heat treated at various HTT and time. The
spectra in the region of Raman shift from 1,000 to
2,000 cm ' are shown in Fig. 7a—e and a full scan Raman
spectrum of nanofibers after HTT of 310 °C and time of
120 min is shown in Fig. 7f. Spectra from the sample
nanofibers treated under 250 °C and untreated samples at
514.5 nm excitation wavelengths were almost featureless
and thus are not been presented here. However, when the
HTT is increased to 300 °C, two broad overlapping peaks

20 1 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500
-1

Wavenumber/cm

0 L L L L L L
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm

centered around 1,370 and 1,580 ¢cm ™! can be seen clearly,
while only one peak at 1,376 cm ' is observed when the
HTT is 280 °C and time of 30 min. The higher the treating
temperature, the larger and more evident are the peaks.
These are the characteristic peaks of D and G bands, which
are well known for carbon materials [39], and can be fitted
using Gaussian—Lorentzian mixed shape. The line centered
near 1,370 cm™' is due to the disordered portion of the
carbons since this line is absent in highly oriented pyrolytic

graphite, whereas the second line near 1,580 cm ' is
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indicative of the ordered graphitic crystallites of the
resultant carbons. The central positions of D and G bands
Raman shift increased slightly with increasing HTT.

The first Raman peak, D band, was initially observed
when the HTT reached 280 °C, suggesting that a disordered
carbon sheet structure is formed at first. This will partly and
increasingly transform into ordered portions of carbon,
resulting in the second G peak at higher Raman shift.
Furthermore, the G peak becomes higher in height as the
HTT and time are increased, and more and more ordered
carbon structure has been formed, i.e. the higher the G
peak, the higher is the amount of SP? (graphite) clusters
that exist in the fibers, which will further significantly affect
and improve the resulting structure and mechanical prop-
erties of the final carbon nanofibers.

Conclusions

Nanofibers with diameter ranging from 220 to 760 nm were
obtained by electrospinning of PAN/DMF solution with
varying electrospinning conditions, such as solution con-
centration and applied voltage. The diameters of as-spun
fibers increase as the applied voltage is increased, and
increase as the concentration of the polymer solution
increases.

The oxidative stabilization of PAN precursors during
their conversion to carbon fibers is a time-consuming
process and plays an important role in determining the
final structure and mechanical properties of resultant fibers.
The electrospun fibers display very sharp exothermic peak
at 297.34 °C. The transition temperature reflected by the
most significant structural changes deduced from FT-IR and
Raman spectra were closely consistent with the results of
DSC and TGA studies.
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