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Abstract
The paper reports the fabrication and characterization of polyacrylonitril (PAN)
nanofibers by electrospinning and further development of the as-spun PAN nanofibers into
carbon nanofibers. PAN nanofibers as a precursor of carbon nanofibers with diameters in the
range of 100–350 nm were prepared by electrospinning of PAN/DMF solution. The aligned
electrospun polyacrylonitrile (PAN) nanofibers first stabilized in air at temperature 290°C for
1 hr. We also investigated several carbonization procedures by varying final carbonization
temperatures in the range from 800-1000ºC in nitrogen and argon atmospheres and the carbon
nanofibers were successfully obtained at 800 C and 1 hr. Morphologies, structures and
thermal properties of PAN, stabilized and carbonized nanofibers were investigated by
scanning electron microscopy (SEM), infrared spectrometer (IR), thermal gravimetric
analysis (TGA). The results obtained from scanning electron microscopy showed that the
nanofibers are unidirectional aligned and after stabilization and carbonization the SEM
results revealed that the average diameter of the stabilized PAN nanofibers appeared to be
almost the same as that of the as-electrospun nanofibers, while the average diameters of the
carbonized PAN nanofibers were significantly reduced, and also scanning electron
microscopy without any gold coating.
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1. Introduction
Carbon nanofibers, like other one-dimensional nanostructures such as nanowires,
nanotubes, and molecular wires, have been received increasing attention because of their high
length-to-diameter ratio. This is due to their potential applications in nanocomposites,
templates for nanotubes, filters, rechargeable batteries, supercapacitors, bottom–up assembly
in nanoelectronics and photonics, and so forth [1]. Carbon nanofibers can be produced by
traditional vapour growth method or plasma enhanced chemical vapour depositing method,
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which was developed at the beginning of this century. However vapour growth or plasma

SI

enhanced chemical vapour depositing methods involve a complicated process and high cost
[2]. Carbon nanofibers can also be produced by stabilizing, carbonizing, and activating
electrospun precursors [3]. The rapidly developing technique of electrospinning provides a
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straightforward and cost-effective approach to produce fibers with diameters ranging from
sub-microns to nanometers [4]. Electrospinning is a simple and versatile method for
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generating ultrathin fibers from a rich variety of materials that include polymers, composites
and ceramics. This nonmechanical, electrostatic technique involves the use of a high voltage
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electrostatic field to charge the surface of a polymer solution droplet and thus to induce the
ejection of a liquid jet through a spinneret (Fig. 1). In a typical process, an electrical potential
is applied between a droplet of a polymer solution, or melt, held at the end of a capillary tube
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and a grounded target. When the applied electric field overcomes the surface tension of the
droplet, a charged jet of polymer solution is ejected. The route of the charged jet is controlled
by the electric field. The jet exhibits bending instabilities caused by repulsive forces between
the charges carried with the jet. The jet extends through spiralling loops; as the loops increase
in diameter the jet grows longer and thinner until it solidifies or collects on the target. In the
case of a melt the discharged jet solidifies when it travels through the air and is collected on
the grounded metal screen [5]. Stabilization process which is carried out in air (oxidative
stabilization) constitutes the first and very important operation of the conversion of the PAN
nanofiber precursor to carbon as well as activated carbon nanofiber. During stabilization, the
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precursor fiber is heated to a temperature in the range of 200-300ºC for over an hour. Because
of the chemical reactions involved, cyclization, dehydrogenation, aromatization, oxidation
and corsslinking occur and as a result of the conversion of C≡N bonds to C=N bonds a fully
aromatic cyclized ladder type structure forms This new structure is thermally stable
(infusible). Also, it has been reported that during stabilization, CH2 and CN groups disappear
while C=C, C=N and =C–H groups form [6]. Successfully stabilized nanofibers carbonized at
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a carbonization process performed at 400–1400°C commonly under nitrogen atmosphere,

SI

sometimes in argon gas [4, 7].

2. Experimental
1.2. Material

of

PAN was obtained from Polyacryl company and used without further purification.
99.8% N, N- dimethylformamide (DMF) was purchased from Merck. The mass fraction of

temperature for 6 h.

ive

15% PAN/DMF homogeneous solution was prepared by mixing and stirring at room

ch

2.2. Electrospinning and collection of aligned PAN nanofibers
PAN was first dissolved in DMF to prepare a 15 wt% solution. As-prepared PAN
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solution was placed in a 50mL syringe. A stainless steel needle with gauge 20 was used as the
nozzle. The needle was set about 0◦ and 15cm distance from a rotating collector. The feed
rate of the PAN solution was 0.1ml/h and the DC power supply was an E560-5W, 60kv (DC)
85µA manufactured by Gamma High Voltage Research. The electrospun nanofibers were
collected by attaching it to aluminum foil wrapped on a metal drum rotating with 40 rpm.
3.2. Thermal treatment of as-spun PAN nanofibers
It is necessary to acquire information about the thermal properties of precursor fibers
before heat treatment to transform to carbon fibers. The thermal stability of the electrospun
fibers was measured by Thermal Gravimetric Analysis (TGA) up to 800 °C at a heating rate
of 5 °C/ min. In the stabilization step, the as-spun PAN fibers were heated from room
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temperature at a heating rate of 5ºC/min to 290ºC where they were hold for 2 h in air to allow
the stabilization to complete. A tube furnace was used for carbonization. Carbonization was
performed by a given temperature program over the temperature range of 800-1000 ºC for 1 h
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in an inert (high purity nitrogen gas) atmosphere. The heating rate was 10 ºC/min.

Fig1. Schematic of electrospinning equipment

ive

4.2. Characterization

The diameter and surface morphology of the gold-coated electrospun nanofibers were
determined and examined with Scanning Electron Microscopy (SEM model LEO 440i
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England) also was used to examine the conductivity of PAN nanofibers. To get an idea about
the electrical properties of the fibers, images were taken of fibers with and without gold
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coating.

Thermal Gravimetric Analysis (TGA) utilized to determine the starting temperature of

oxidative stabilization and carbonization of PAN nanofibers. With samples of 1.3 mg using a
TGA Instruments up to 800 °C at a heating rate of 10 °C/min in N2.
The molecular structure changes in the nanofibers confirmed by Fourier transformed
infrared spectrometry (FTIR) model Thermo Nicolet Nexus 870 and Raman spectroscopy
model Thermo Nicolet PT Raman 960 ESP.
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3. Results and Discussion
Fig. 2 shows the representative morphologies of the as-electrospun, stabilized,
carbonized at 800ºC and carbonized nanofibers at 1000ºC, respectively. As can be seen, at
fig.2a and b the nanofibers are parallel and aligned along the rotational direction and the
diameter distribution of nanofibers is between 180 to 640 nm. The average diameter of the
stabilized PAN nanofibers appeared to be almost the same as that of the as-electrospun
nanofibers, while the average diameters of the 800 ºC and 1000 ºC carbonized PAN

D

nanofibers were reduced 300 nm and 200 nm, respectively. During stabilization, the PAN

SI

macromolecules in the as-electrospun nanofibers absorbed oxygen from air and went through
chemical changes that resulted in cyclization of PAN macromolecules and led to formation of
a ladder like polymeric structure, which no longer melted and therefore could retain the fiber
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morphology in the subsequent carbonization. During carbonization, a variety of gases (e.g.,
H2O, N2, HCN and others) were evolved and the carbon content increased to 90 wt. % or
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higher; the process therefore led to the reduction of fiber diameter and the formation of threedimensional carbonaceous structures [4]. Morphologies of carbonized nanofibers observed
After
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without coating of gold, because of the high conductivity of carbon nanofibers.

carbonization, carbon nanofibers with an average diameter of 300 nm were obtained as
shown in Fig.2c and d. The average diameter of electrospun PAN nanofibers shrank by about
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20% after carbonization. The morphologies of the stabilized and carbonized PAN nanofibers
were similar to those of the as-electrospun nanofibers except for discrepancies in diameters.
Fig.3 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 2,241–2,243 cm−1, and the bands in the regions 2,870–2,925, 1,440–1,460,
and 1,040–1,220 cm−1 which are assigned to the aliphatic CH group vibrations of different
modes in CH and CH2. As the HTT is increased, the most prominent structural changes were
the decrease in the intensities of the 2,241– 2,243 cm−1, attributed to C≡N band, and the
decrease of those for aliphatic C–H ones, respectively. Concomitant with the advent and
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increase of a shoulder-like peak at 1,700 cm−1 (due to cyclic C=O), the band at 1,590 cm−1
(due to C=N, C=C, N=H mixed), and the band at 803 cm−1 (due to C=C=H) [7].
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
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PAN fibers prepared by a traditional wet, dry or dry–wet spinning approach.

Ar

Fig.2. SEM images of the as-electrospun PAN nanofiber (a), stabilized PAN
nanofiber (b), carbonized nanofiber at 800ºC (c) and carbonized nanofibers at
1000ºC (d).
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Fig.3. The FT-IR spectra of as-spun nanofiber and nanofibers after different heat
treatments

Firstly, reaction of nitriles results in conjugated C=N containing structures

ive

which result from intramolecular cyclization or intermolecular crosslinking. Secondly,
the generation of conjugated C=C structures results from dehydrogenation or from
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imine–enamine tautomerization and subsequent isomerization; thirdly, oxidation gives
rise to carbonyl groups [6, 7]. Additionally, the FT-IR spectrum of the as-carbonized
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PAN nanofibers did not show any peak. Intuitively, after the carbonization step, all of
the functional groups should be eliminated, leaving a structure similar to that of
graphite fibers [3].

The TGA curves of the PAN nanofibers (Fig. 4) shows that PAN begins to
degrade when heated near its melting point and a slight loss of mass took place from
about 95 to 120°C due to the release of water. A dramatic weight loss between 290
and 320ºC, attributed to the pyrolysis of the nanofibers which indicates the
decomposition of PAN. The loss slowed down above 340°C to give a yield of 47% at
800°C [1].
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Fig.4. TGA curve of electrospun PAN precursor nanofibers.
Raman spectroscopy is another powerful tool to investigate microstructures.
The Raman spectra of carbonaceous materials have two characteristic bands including

of

(1) ‘‘D-band’’, centered at the wavenumber of ~1340 cm-1 that is related to disordered
turbostratic structures, and (2) ‘‘G-band’’, centered at the wavenumber of ~1580 cm-1

ive

that is related to ordered graphitic structures. The positions of these two bands are
irrelevant to the carbonization temperature, and the intensity ratio (known as the ‘‘Rvalue’’) of the ‘‘D-band’’ to the ‘‘G-band’’ indicates the amount of structurally
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ordered graphite crystallites in the carbonaceous materials [4]. Raman spectra provide

Ar

information on the crystalline perfection of graphite-based materials.
The Raman spectra of carbonized nanofibers at 800ºC (fig.5) shows that the ‘‘Gband’’ was attributed to the “C=C stretching vibrations’’ in the graphite crystallites
and the ‘‘D-band’’ was attributed to the turbostratic and/or disordered carbonaceous
structure. It is evident that the ‘‘R-values’’ of the carbon nanofibers is 1 that show
our nanofibers have disordered structure and a little ordered graphitic structure.
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Fig 5. Raman spectra of carbon nanofibers carbonized at 800ºC.
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4. Conclusion
In this study, nanofibers with diameter ranging from 180 to 640 nm were

ive

obtained by electrospinning of PAN/DMF solution and the nanofibers were collected
as aligned bundles using a laboratory-built rotating metal target. The electrospun PAN
nanofibers were used as the precursor to prepare carbon nanofibers through thermal
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treatments including stabilization and carbonization. The microstructures and
morphologies of the aligned carbon nanofibers were systematically investigated. The
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study revealed that: (1) The average diameter of the stabilized PAN nanofibers
appeared to be almost the same as that of the as-electrospun nanofibers, while the
average diameters of the carbonized PAN nanofibers were significantly reduced.(2)
The oxidative stabilization at 290ºC and 2 h of PAN precursors during their
conversion to carbon nanofibers is a time-consuming process and plays an important
role in determining the final structure and mechanical properties of resultant fibers.(3)
The transition temperature reflected by the most significant structural changes
deduced from FT-IR and Raman spectra were closely consistent with the results of
TGA studies.
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