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1. Introduction
Electrospinning is one of the many methods of 

synthesizing polymer and composite fibers. In this 
method, an electrostatic field is used to produce 
fine fibers. During electrospinning, a high voltage 
applied between the nozzle and the collector forces 
the injected polymer solution or melt to form a 
liquid jet and deposit on the collector surface with 
a high speed. Fibers are produced when the solvent 
is removed or melt is solidified. The solution 
conductivity and concentration, as well as the 
solvent polarity, and molecular weight significantly 
affect the morphology of the electrospun fibers[1]. 
Electrospinning provides fibers with diameters 
ranging from micro to nanometers[2]. Various 
parameters including the solution concentration 

and flow rate, working voltage, distance between the 
nozzle and collector etc. have significant influence 
on the diameter of the fibers in the electrospinning 
process[3] Decreasing the diameter of electrospun 
fibers will reduce the porosity fraction, while 
improving the fibers density and mechanical 
properties[1,2]. The electrospun fibers have 
promising properties such as high aspect ratio, 
high surface area, excellent electrical properties 
as well as high flexibility and strength[4]. Owing 
to these exceptional properties electrospun 
nanofibers have a wide range of applications in 
various areas ranging from biomedical applications 
such as drug delivery systems, antibacterial agents 
and wound dressing synthetic materials[2], to 
energy storage and conversion applications in 

Electrospinning, stabilization and carbonization are three steps of synthesizing electrospun carbon 
nanofibers (CNF), using polyacrylonitrile (PAN) precursor. In this study, the effect of the stabilization 
temperature was studied on the morphology and chemical state of the electrospun PAN fibers, which 
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supercapacitors and batteries as well as catalysis[5], 
filtration, adsorbents[2,6], super paramagnetic 
field responsive materials, and mechanical 
reinforcement[2]. Carbon nanofibers (CNF) are 
among materials that are of interest to researchers 
and could be produced at a relatively low cost using 
electrospinning method. CNF can be synthesized 
using different precursors such as Polyacrylonitrile 
(PAN), Polyvinylpyrrolidone (PVP), polyvinyl 
alcohol (PVA) and pitch[7–9]. PAN is a polymer 
with relatively good solubility, high density , high 
melting point due to the presence of nitrile groups 
and semi-crystalline structure[10,11]. The Ultimate 
tensile strength, Young’s modulus and density of 
electrospun CNFs based on PAN are between 3-7 
GPa, and 1.75-2 g/cm3, respective[12]. Electrospun 
CNFs have high specific surface area, high aspect 
ratio, excellent conductivity as well as promising 
mechanical properties[13]. Electrospun CNFs are 
used in energy storage devices such as batteries 
and supercapacitors because of their exceptional 
electrochemical performance [8,14] . CNFs are also 
used in solar cells because of their electrocatalystic 
activity[15]. CNFs are excellent catalysts due to 
their mechanical and chemical stability and they 
are also suitable for filtration, fuel cells and sensor 
applications[14,16,17]. In addition, CNF matrix 
composites are suitable materials for EMI-shielding 
applications because of their high electrical 
conductivity and small diameter[18]. Electrospun 
Carbon nanofibers are produced in three steps: 
(1) Electrospinning of the PAN containing 
solution (2) stabilization of the electrospun PAN 
fibers and (3) carbonization to achieve CNFs. 
Different parameters in each of the aforementioned 
steps affect the properties of the final product. 
Temperature, duration and heating rate are the 
most important parameters in the stabilization 
and carbonization steps[16,18,19]. Stabilization 
of PAN is typically carried out between 180-300 
°C[10] while carbonization is carried out between 
500-3000 °C[8,10]. During the stabilization of 
the PAN cyclization, dehydrogenation, oxidation 
and cross-linking reactions happen. The 
stabilization conditions should be well controlled 
in order to have all the reactions taken place. If the 
temperature or time is, too low stabilization will 
not be complete, while high temperatures might 
lead to fibers melting. Carbonization should be 
carried out under oxygen free atmosphere. During 
carbonization the hydrogen, nitrogen and oxygen 
atoms are removed from the polymer chains 

leading to formation of pure carbon nanofibers 
with decreased diameter[8]. Higher carbonization 
temperature leads to higher graphitization of the 
fibers and therefore enhanced conductivity and 
mechanical properties[20]. 

As mentioned, the stabilization step has a vital 
effect not only on the conditions and success of 
the carbonization step, but also on the properties 
of the final carbon nanofiber products. However, 
very few studies are concentrated on the effect 
the stabilization conditions on the morphology 
and chemical state of the stabilized PAN. Most 
studies in the literature use high molecular weight 
precursors. Only a hand full of researchers have 
focused on the stabilization step of electrospun 
PAN nano-fibers. In this study, a low molecular 
weight PAN was used for the first time. In addition, 
this low molecular weight PAN was obtained 
locally from Iranian sources which paves the way 
for future low-cost mass production of carbon 
nano-fibers. In the present study, the effect of 
stabilization temperature has been studied on the 
morphology and chemical state of electrospun 
PAN fibers synthesized from low molecular weight 
PAN precursors. Also, a relatively low carbonizing 
temperature was chosen due to the low molecular 
weight of the precursor and other conditions were 
based on previous investigations.

2. Experimental method
2.1. Martials 

Polyacrylonitrile (PAN) with an average 
molecular weight (MW) of 75000 g/mol (Polyacryl 
Iran) and N,N-dimethylformamide (DMF) solvent 
with purity of 99.5%, molecular mass 73.09 g/mol 
and liquid form (Merck, Germany) were used to 
prepare the electrospinning solutions.

2.2. Nanofiber production
In the first step, 1.5 g of PAN was slowly added 

to 10 ml of DMF and stirred for 2 hours at room 
temperature to achieve a homogenous and clear 
solution. Electrospinning was performed for 2 
hours on a lab-scale electrospinning machine 
(Fanavaran Nano-Meghyas, Iran). The rotational 
speed of the collector drum was set to 1000 rpm, 
the nozzle to collector drum distance was set at 15 
cm and electrospinning was carried out under the 
voltage of 15 kV with a solution flow rate of 1 ml/h.

The electrospun PAN fibers were stabilized in an 
oven at different temperatures of 280 °C, 250 °C, 
240 °C and 230 °C for 2 hours with a heating rate of 
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2 °C/min. It is worth mentioning that stabilization 
temperatures below 230 oC did not show any 
significant changes in the FTIR spectra of the PAN 
fibers; therefore, the lowest studied temperature 
was set at 230 oC. Finally, carbonizing was carried 
out in a tubular furnace at 650 °C for 2 hours 
with a heating rate of 5 °C/min under nitrogen 
atmosphere.

2.3. Characterization
The morphology of the as-electrospun, 

stabilized and carbonized fibers were investigated 
using a scanning electron microscope (SEM - 
LEO, VP 1450). The chemical state of the PAN 
fibers before and after stabilization, as well as the 
resulting CNF was investigated using Fourier 
transform infrared spectrometer (FTIR - Thermo 
Nicolet, AVATAR 370 FT-IR). The crystal structure 
of the as electrospun PAN fibers before and after 
stabilization at different temperatures and after 
carbonization was studied using X-Ray diffraction 
(XRD Exprorer- GNR Italy) method with a Cu Ka 
radiation and 2θ between 5 and 80o.

3. Results and Discussion
In the first step, the color of the electrospun 

fibers before and after stabilization at different 
temperatures as well as after carbonization was 

investigated. Figure 1 shows photographs of (A) 
as electrospun PAN fibers, along with stabilized 
fibers at different temperatures of (B) 230 °C, (C) 
240 °C, (D)  250 °C and (E) 280 °C, respectively 
and (F) the carbonized fibers. According to these 
images, the as electrospun PAN fibers had a white 
color which is expected due to the natural color 
of PAN Figure 1(A) After stabilization at 230 ° C 
and 240 oC the color changed to light brown and 
by increasing the stabilization temperature, darker 
colors were observed. At 250 °C, the sample was 
brown and the sample stabilized at 280 °C was dark 
brown.  Differences in samples colors at different 
temperatures are the result of more progress in 
reactions during stabilization, however it should 
be noted that higher temperatures may result in 
fibers melt down or decomposition. As observed 
in Figure 1(F), the carbonized sample was black 
indicating that carbonization was completed.

During the stabilization process, the chemical 
structure of PAN fibers and their bonds change. 
Cyclization, dehydrogenation, oxidation and cross-
linking are the four major reactions that happen 
during stabilization process. These reactions are 
schematically shown in Figure 2 During cyclization, 
linear C≡N bands are replace by C=N in Benzene 
rings, which as a result lead to an increase in the 
density and tensile strength of PAN[10,21,22]. 

Fig. 1-  photograph of: (A): as-electrospun and stabilized fibers at (B) 230 °C, (C) 240 °C, (D) 250 °C, 
(E) 280 °C and (F) CNF.

Fig. 2-  Stabilization reactions for PAN nano-fibers.
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The dehydrogenation reaction leads to a decrease 
in C-H bonds and hydrogen leaves the structure in 
the form of H2O. In the oxidation reaction, which 
is an exothermic reaction, some oxygen containing 
groups are added to the structure. Proper selection 
of the stabilization temperature, time and heating 
rate, plays an important role in the progress of the 
aforementioned reactions. A very low temperature 
might lead to incomplete reactions while a too 
high one results in melting or decomposing of the 
PAN fibers. Furthermore with a low heating rate, 
cross-linking occurs before releasing tension and by 
decreasing permeability of fibers, the structure will 
be preserved[22, 23].

 Finally, in carbonizing process, nitrogen and 
hydrogen are removed from the structure and 
the resultant fibers should consists of about 98% 
carbon. In order to track these changes during 
stabilization and carbonization process, as well as 
finding the optimum stabilization temperature, 
FTIR was employed.

Figure 3(A) shows the FTIR spectra of the 
electrospun pan fibers before and after stabilization 
at different temperatures as well as after 
carbonization. According to the FTIR spectra, the 
as-electrospun PAN fibers consist of characteristic 
vibration peaks at 2243 cm-1, 2931 cm-1 and 1420 
cm-1 corresponding to C≡N, ν-CH2 and σ-CH2 
groups respectively. Stabilization was carried out at 
different temperatures of 230, 240, 250 and 280 oC. 
After stabilization at all temperatures, a drastic drop 
is observed in the intensity of the vibration peaks at 
2243, 2931 and 1420 cm-1, indicating the progress of 
cyclization and dehydrogenation reactions[19].

Figure 3(A) shows the FTIR spectra of the 

electrospun pan fibers before and after stabilization 
at different temperatures as well as after 
carbonization. According to the FTIR spectra, the 
as-electrospun PAN fibers consist of characteristic 
vibration peaks at 2243 cm-1, 2931 cm-1 and 1420 
cm-1 corresponding to C≡N, ν-CH2 and σ-CH2 
groups respectively. Stabilization was carried out 
at different temperatures of 230, 240, 250 and 280 
oC. After stabilization at all temperatures, a drastic 
drop is observed in the intensity of the vibration 
peaks at 2243, 2931 and 1420 cm-1, indicating 
the progress of cyclization and dehydrogenation 
reactions[24]. On the other hand, the intensity of 
some peaks between 1400-1600 cm-1 has increased 
after stabilization. These peaks are related to C=N, 
C-N and C=C bands. Besides, the peak observed at 
1720 cm-1 shows the existence of oxygen containing 
groups in the stabilized fibers, developed during the 
oxidation[24,25,26]. Another new peak observed at 
810 cm-1 is related to C=C-H in the stabilized PAN 
fibers[24].

Comparing the FTIR spectra of the stabilized 
PAN fibers at different temperatures, it is observed 
that, higher stabilization temperatures lead to more 
decrease in the intensity of the peaks at 2243 cm-1, 
2931 cm-1 and 1420 cm-1 indicating more progress 
of reactions at higher temperatures. Also according 
to the FTIR spectra, expected no reactions do as 
well at the temperature below 230 0C. Finally the 
FTIR spectrum of the carbonized fibers displays 
two characteristic peaks at 1600 cm-1 and 1290 cm-1 

corresponding to C=C Bonds in Carbon nanofibers. 
Figure 4 shows the XRD patterns of the as 

electrospun, stabilized and carbonized PAN fibers. 
Two peaks are observed in the XRD pattern of the 

Fig. 3-  FTIR spectras of PAN fiber, stabilized samples at different 
temperature and CNF.

Fig. 4-  XRD pattern of PAN fiber, stabilized fiber and CNF.
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as-electrospun PAN fibers, at 2θ= 16.71o and 2θ= 
29.36o which correspond to the (100) and (110) 
planes, respectively. XRD results after stabilization 
show that the intensity of the (100) peak is greatly 
decreased after stabilization at 230, 240 and 250 
oC. Moreover, higher stabilization temperature 
leads more decrease in the intensity of this peak 
and it almost disappeared at 280 oC. Besides, it 
is observed that the peak corresponding to (110) 
crystallographic plane of PAN is disappeared after 
stabilization at all temperatures. The changes of 
these peaks were due to the changes of the PAN 
crystallographic structure during the stabilization 
process, which is mainly a result of the cyclization 
and dehydrogenation reactions.

 In cyclization reaction, by replacing of the C≡N 
bonds with C=N and formation of the ladder/ring 
structure, the orientation of chains destroyed and 
crystallinity decreased. 

The excess nitrogen & hydrogen atoms 
present in the stabilized PAN fibers must be 
removed during the carbonization step in order 
to produce pure carbon fibers. The carbonization 
temperature mainly depends on the molecular 
weight of the precursor, stabilization temperature 
and the desired crystallinity of the product. The 
carbonization temperature was therefore chosen 
accordingly based on previous published work[27].
After carbonization, only one peak is observed at 
2θ= 25.67o which is the characteristic peak of the 

(002) crystallographic plan of graphitic structure, 
suggesting successful carbonization of the fibers 
and achievement of carbon nanofibers.

Figure 5 shows SEM images of the as electrospun 
PAN fibers along with stabilized and carbonized 
samples. As shown in Figure 5(A), electrospun 
PAN fibers have a perfect smooth and bead-free 
morphology showing the successful electrospinning 
process. Figure 5(B and C) show stabilized samples 
at 250°C and 280°C respectively. High temperature 
and diffusion during the stabilization resulted in 
surface melting and welding (re-bonding) of the 
fibers together, they had no fiber structure. It shows 
that the stabilized temperatures were high and it 
has damaged the fiber structure. Figure 5(D and 
E) show the stabilized samples at 240 oC and 230 
oC. According to these images, no surface melting 
is observed and the fiber structure is well preserved 
after stabilization at 230 oC and 240 oC. 

These two samples show little shrinkage in 
structure, which is due to the limited weight 
reduction of fibers during of stabilization[24] 
Considering the slight sticking of the fibers at 240 
oC, it is concluded that the 230 oC is an optimum 
stabilization temperature to preserve the fiber 
structure. Carbonized sample had the same 
structure as the stabilized sample at 230 °C; the only 
difference was that its fibers were finer (Figure 4F).
The average diameter of electrospinning sample 
equals to 350 nm that shows no significant change 

Fig. 6-  SEM image of samples: (A): PAN fibers, (B): stabilized at 230 °C, (C): stabilized at 240 °C, (D): stabilized at 250 
°C, (E): stabilized at 280 °C and (F): CNF.
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during stabilization. In carbonization process, 
oxygen and nitrogen left the structure and the 
diameter of fiber decreased. The average diameter 
of fibers in CNF was equal to 190 nm.

4. Conclusions
PAN fibers were produced by electrospinning the 

PAN/DMF solution. Then stabilization was carried 
out on electrospun fibers at different temperatures 
of 230, 240, 250 and 280 oC. XRD, FTIR and SEM 
were used to study the crystallinity, chemical state 
and morphology of the fibers.  According to the 
XRD results, the intensity of peaks related to (100) 
and (110) crystallographic plans of PAN, decreased 
drastically after stabilization at all temperatures, 
showing the change in the crystalline structure of 
PAN fibers after stabilization. FTIR studies showed 
that with increasing the stabilization temperature, 
the intensity of the characteristic vibration peaks 
of PAN at 2243 cm-1, 2931 cm-1 and 1420 cm-1 
corresponding to the C≡N, ν-CH2 and σ-CH2 groups 
respectively, saw a drastic drop after stabilization at 
all temperatures and in return new peaks emerged 
at 810 cm-1 corresponding to C=C-H groups, 1720 
cm-1 corresponding to oxygen containing groups. 
Furthermore the intensity of the peaks between 
1400-1600 cm-1 related to C=N, C-N and C=C bands 
increased after stabilization. Besides, increasing 
the stabilization temperature resulted in higher 
degree of change in the aforementioned peaks. 
These changes prove the progress of the cyclization, 
dehydrogenation, cross linking and oxidation 
reactions. On the other hand, SEM studies showed 
that by increasing the stabilization temperature from 
230 to 280 oC, the fibers start to meld and re-weld to 
each other leading to destruction of the morphology. 
The best morphology was achieved at 230 oC, which 
regarding the XRD and FTIR results, it is postulated 
to be the optimum stabilization temperature for 
PAN (MW 75000) fibers. Finally carbonization was 
carried out on the optimum stabilized fibers and 
pure carbon nanofibers were achieved.
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