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ABSTRACT: Electrospun polyacrylonitrile (PAN)-based carbon nanofibers (CNFs) with high surface area have been of promising interest because of
their potential for applications in various fields, especially energy devices. In this study, PANnanofibers with porous and ultrafine nanofiber structures
were prepared by electrospinning PAN/poly(vinyl pyrrolidone) (PVP) immiscible solutions and then selectively removing the PVP component from
the electrospun PAN/PVP bicomponent nanofibers. The chemical reaction andmicrostructure of the PAN fibers with porous and ultrafine nanofibril
structures in the stabilization process were investigated. The results revealed the effects of PAN fibers with porous and ultrafine nanofibril structures
on the crosslinking reaction, microstructure, and morphology during the stabilization process. According to the in situ Fourier transform infrared
spectroscopy results, the intermolecular and intramolecular reactions of the nitrile group for the PAN fibers with ultrafine nanofibril structures
exhibited slower reaction rates than those for the neat PAN fibers during stepwise and isothermal heating. Selecting a good stabilization temperature
for ultrafine PAN-crosslinked nanofibrils can enhance the surface area and carbonized structure of CNFs. The possible applications of CNFs with
porous and ultrafine nanofibril structures in supercapacitors were also evaluated. © 2019Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 48218.
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INTRODUCTION

Carbon materials have been used as supercapacitor electrode mate-
rial with promising interest as they have a unique combination of
physicochemical properties, such as high conductivity, a high
surface-area range, good corrosion resistance, high temperature sta-
bility, processability and compatibility in composite materials, and
relatively low cost.1 Moreover, carbon materials with nanostructures
can significantly increase the interface areas between solids and liq-
uids or solids and gases, which will reduce the electron or ion diffu-
sion distance and improve electrochemical performance. According
to the literatures,2 the capacitance of electric double-layer capacitors
at each electrode interface can be used in the following equation:

Capacitance =
εAe

4πt
ð1Þ

where ε is the dielectric constant of the electrical double-layer region,
Ae is the surface area of the electrode, and t is the thickness of the

electrical double layer. Therefore, the higher surface area of the carbon
electrodes can lead to higher capacitance. Recently, one-dimensional
carbon nanomaterials have shown promise from developers of energy
storage devices because they have better electrochemical properties
than zero-dimensional carbon nanomaterials.3 Therefore, preparing
polyacrylonitrile (PAN)-based carbon nanofibers (CNFs) with high
surface areas has been of immense interest. Furthermore, CNFs with
high surface areas also play an important role in electrode materials for
other energy storage devices, such as lithium-ion batteries, lithium–air
batteries, lithium–sulfur batteries, and sodium-ion batteries.3

Electrospinning has attracted enormous attention in the past two
decades as a method for fabricating one-dimensional polymeric
nanofibers. Electrospun fiber mats have been widely explored in
various applications, such as energy devices, filtration, tissue engi-
neering, and biosensors because of their high surface area-to-
volume ratio, high porosity, diverse nanostructures, and assembly
morphologies.4 More importantly, electrospinning allows facile
and cost-effective preparation of continuous nanofibers. Thus,
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PAN-based CNFs prepared via electrospinning could increase the
functional properties of fibers for advanced applications, particu-
larly energy storage systems. For a supercapacitor application, the
specific surface area of CNFs is an important issue. There are two
major routes to increase the specific surface area of CNFs. First,
the specific surface area of CNFs can be increased by decreasing
the diameter of the CNFs. Second, the specific surface area of
CNFs can be increased due to the porous structure in the CNFs.

PAN fibers with porous structures can be prepared via electro-
spinning with various routes.3,5 Among these methods, PAN fibers
with porous structures can be appropriately produced by electro-
spinning immiscible polymer solutions (polymer blend solutions),
such as PAN/poly(methyl methacrylate) (PMMA), PAN/poly(vinyl
pyrrolidone) (PVP), or PAN/PEO solutions. Zhang and Hsieh6

showed that PAN fibers with porous structures could be produced
via a electrospinning PAN/poly(ethylene oxide) (PEO) bicomponent
solution and then selectively removing the PEO component via water
extraction. Zhang et al.7 also reported that PAN fibers and CNFs with
porous structures were produced via electrospinning PAN/PVP
bicomponent solution and then selectively removing the PVP compo-
nent via water extraction. The PAN/PVP weight ratios were prepared
from 80/20 to 44/56. Moreover, the Brunauer–Emmett–Teller (BET)
surface area of the PAN fibers and CNFs with porous structures was
increased as the PVP content increased. Sun et al.8 prepared the
electrospun PAN fiber with ultrafine nanofibril structures via super-
critical drying. They also demonstrated that the BET surface area of
the PAN fibers and CNFs with ultrafine nanofibril structures have
large surface area with or without carbonization. Niu et al.9 demon-
strated that electrospun PAN/PVP blend nanofibers and PAN/PVP
side-by-side nanofibers with carbonization process would form the
interfiber connections to reduce the resistivity of CNF mats. Peng
et al.10 demonstrated that porous CNFs could be prepared via
electrospinning a PAN/poly(AN-co-PMMA) solution and pyrolyzing
the copolymer phase during the thermal oxidation process to form
CNFs with porous structures after the carbonization process. Shilpa
et al.11 also reported that CNFs with a porous and hollow structure
could be prepared via electrospinning a PAN/PMMA solution and
selectively removing the PMMA component via the pyrolysis process.
However, the electrical conductivity of CNFs with porous structures
is lower than that of neat CNFs because the effective conductive
length of the electrons in CNFs with porous structures will be longer
than in neat CNFs.

On the other hand, the diameter of electrospun fibers via a single
polymer solution is rarely smaller than 50 nm (ultrafine nanofibrils)
due to limitations of the electrospinning process. However,
Bognitzki et al.12 demonstrated that porous polymer nanofiber and
ultrafine polymer nanofibrils can be prepared via immiscible poly-
mer solutions in which one component is removed selectively from
the fibers. Lee et al.13 demonstrated electrospun PCL/P3HT com-
posite fibers with continuous P3HT fibrils embedded inside. The
small P3HT domains in the concentrated PCL/P3HT solution are
highly stretched during electrospinning and form fibrils with small
diameters. However, there is little information available on
electrospun PAN-based CNF with an ultrafine nanofibril structure.

PAN fiber can be converted to carbon fibers via thermal treat-
ment. During thermal treatment, PAN fibers usually go through

stabilization and carbonization processes.14–16 For the stabiliza-
tion process at 200–300 �C, the chemical structure of PAN will
be changed with cyclization, dehydrogenation, aromatization, oxida-
tion, and crosslinking reactions in air atmospheres to form a ladder
structure. After stabilization, PAN is carbonized at 700–1300 �C in
nitrogen atmospheres to form a turbostratic structure. Cipriani
et al.17 reported that the formation of triazine with an inter-
molecular reaction involving three nitriles of three different PAN
chains is responsible for the crosslinking. Thus, the key reactions in
the stabilization process are intermolecular and intramolecular
nitrile crosslink reactions, which change the chemical structure of
PAN to form a ladder structure due to cyclization of the nitrile
groups. These groups can promote the formation of a conjugated
carbon structure in the carbonization process. PAN fibers can over-
heat or fuse at higher stabilization temperatures. On the other hand,
PAN fibers can have incomplete stabilization, which results in poor
carbon fiber properties, at lower stabilization temperatures. There-
fore, selecting the appropriate stabilization temperature is important
for PAN fibers to convert to carbon fibers with better carbonized
structures. Moskowitz et al.18 showed that the PAN prepared via
free radical solution polymerization has a larger extent of stabiliza-
tion at lower temperature regions than that prepared via reversible
addition–fragmentation chain transfer polymerization. Lai et al.19

demonstrated that the PAN chains in the as-electrospun PAN
nanofibers are less oriented along the fiber than those in stretched
PAN nanofibers. Furthermore, the CNF bundles in the postspinning
stretching process have better mechanical properties than those
without any stretching process. Lian et al.20 also reported that the
cyclization index of highly stretched PAN fiber is lower than that of
PAN fibers without any stretching process at 180 �C.

However, to the best of our knowledge, the effect of the chemical
reactions and the microstructure of electrospun PAN fibers with
porous and ultrafine nanofibril structures during stabilization
processes have not yet been reported. In this study, the phase
separation PAN/PVP solutions with various PAN/PVP weight
ratios, especially, a low PAN content, were prepared for
electrospinning. After removing most of the PVP components
with hot water and sodium hypochlorite from the PAN/PVP
nanofibers, PAN fiber with porous and ultrafine nanofibril struc-
tures could be obtained. In order to reveal the influence of the
carbonized structures during the stabilization process for PAN
fibers with porous and ultrafine nanofibril structures, the CNFs
in this study were not oxidation etched with oxidizing gases (acti-
vation process) to form porous structures.3,5 Therefore, the PAN
fibers with porous and ultrafine nanofibril structures were heated
up to 330 �C in a hot stage using air atmospheres with in situ
Fourier transform infrared (FTIR) spectroscopy to reveal the
intermolecular and intramolecular nitrile crosslink reactions.
According to the in situ FTIR results, the PAN fibers with
ultrafine nanofibril structure for stabilization at 260 �C were
more stable and could convert PAN to a ladder crosslinking com-
pound than that at 320 �C. After stabilization and carbonization
of the PAN fibers with porous and ultrafine nanofibril structures,
CNFs with nanoporous and ultrafine fibril structures were also
obtained. The PAN fibers with porous and ultrafine nanofibril
structures not only affected the chemical reaction but also
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affected the morphologies during stabilization. Therefore, the sur-
face area of the PAN fibers with porous and ultrafine nanofibril
structures was also affected after carbonization. In addition, the
electrochemical property of the CNF mats was evaluated.

EXPERIMENTAL

Materials and PAN/PVP Solution Preparation
The PAN was purchased from the Scientific Polymer Products,
Inc. (Ontario, NY, USA), and the weight-average molecular
weight of the PAN was determined to be 150,000 g mol−1. The
PVP was purchased from the ARCOS (Morris Plains, NJ, USA),
and the weight-average molecular weight of the PVP was deter-
mined to be 1,300,000 g mol−1. The dimethylformamide (DMF)
was purchased from Echo Chemical Co. (Miaoli, Taiwan). To
prepare a PAN/PVP solution with varying PAN/PVP weight
ratios (25/75, 50/50, and 75/25), preweighed PAN and PVP pow-
ders were added to a DMF solvent and vigorously stirred for sev-
eral hours. The total polymer concentration was 8 wt %, and a
PAN/PVP solution was then obtained. In the present study, a
25/75 sample designation indicated the PAN-to-PVP weight
ratio.

Electrospinning, Stabilization, and Carbonization Process
The prepared solutions were subjected to room temperature
electrospinning, wherein the nozzle size was Di/Do/length =
0.69 mm/1.09 mm/4 cm, andDi andDowere the inner and outer noz-
zle diameters, respectively. The prepared solutions were delivered by a
syringe pump (Cole–Parmer, VernonHills, IL, USA) to the nozzle at a
controlled flow rate (Q). A high electrical voltage (V) was applied to
the spinneret using a high-voltage source (MECC, HVU-40P100,
Fukuoka, Japan) to provide a sufficient electric field for
electrospinning. To construct a needle-to-plate electrode configura-
tion, an aluminum board (30 × 30 cm2) was used as the collector for
the electrospun fibers at a fixed tip-to-collector distance (H) of 14 cm.
The electrospun PAN/PVP nanofibers with varying PAN/PVP weight
ratios were immersed in hot water and a sodium hypochlorite solution
(8000 ppm) to remove the PVP components, and then washed in
deionized water for five times with ultrasonic treatment for 5 min.
Notably that the absence of any sodium hypochlorite (O─Cl─) absor-
bance peaks at 975 cm−1 of the FTIR spectra, which were assigned to
hypochlorous acid vibration.21 Thus, no residual sodium hypochlorite
was detected in the PAN fibers with porous and ultrafine nanofibril.
After washing, the PAN fibers with porous and ultrafine nanofibril
were dried in a vacuum oven until the residual water was removed.
The PAN fibers with porous and ultrafine nanofibril structures were
obtained. The PAN fibers with porous and ultrafine nanofibril struc-
tures were put through the stabilization process in air at 320 �C for
1 h at a heating rate of 1 �Cmin−1 and then the carbonization process
using a nitrogen airflow at 900 �C for 1 h at a heating rate of
5 �C min−1 in a tube furnace. CNF was then obtained. Sample codes
of the PAN/PVP composite fibers obtained and the resulting fibers
with the removed PVP component and carbonization process are
given in Table I.

Morphology and Characterization of Fibers
The morphology of the fibers was observed using a scanning elec-
tron microscope (SEM, Hitachi S4100, Krefeld, Germany). The fiber
diameters were measured from a collection of ~200 fibers, from

which the average diameter (df) was determined. FTIR measure-
ments were performed using a PerkinElmer FTIR spectrometer
(Spectrum Two, Waltham, MA, USA) equipped with a Mettler
heating stage (HT82) for temperature control. A total of 32 scans
with a 2 cm−1 resolution were obtained for each spectrum. The
wide-angle X-ray diffraction (WAXD) intensity profiles of the PAN
nanofibers and CNF mats composite films were obtained using a
Bruker diffractometer (NANOSTAR Universal System, Cu Kα radi-
ation, Billerica, MA, USA). The stabilization of the PAN nanofibers
was investigated using a TA differential scanning calorimetry (DSC)
Q20 (New Castle, DE, USA) under a nitrogen atmosphere. The
samples were heated to 340 �C at a rate of 10 �C min−1.

The microstructure in the CNF-UF samples was examined with
transmission electron microscope (TEM) (JOEL JEM-2010, Pea-
body, MA, USA) operated at 200 kV. The CNF-UF samples were
embedded in Embed-812 (Electron Microscopy Sciences, Hatfield,
PA, USA). The film was then prepared by sectioning the embedded
CNF-UF samples at room temperature with an Ultracut UCT
(Leica, Wetzlar, Germany) microtome, and the ultrathin films with
approximately 50 nm thickness were observed using TEM. Electri-
cal conductivity measurements were performed using a GW
INSTEK GDM-8261A multimeter. The standard four-probe tech-
nique was applied to reduce the effects of contact resistance with
applied voltage between 1 and 10 V. Thermogravimetric analysis
(TGA) was performed on a TGA 2050 (TA Instruments, New Cas-
tle, DE, USA) apparatus under a nitrogen flow (90 mL min−1)
from 25 to 800 �C at a heating rate of 10 �C min−1. The weight of
the samples used was approximately 5 mg. The surface areas of
CNF samples were analyzed on an ASAP 2020 (Micromeritics
Instruments, Norcross, GA, USA) according to the BET equation.

The electrochemical capacitance of the CNF mats was deter-
mined by the cyclic voltammetry (CV) method on an electro-
chemistry workstation (CH Instruments; CHI 600, Austin, TX,
USA). CNF mats (10 × 10 mm2) with a graphite plate
(30 × 15 × 2 mm3), Ag/AgCl, and a Pt foil (1 × 1 cm2) were used
as the working, reference, and counter electrodes, respectively.9

An H2SO4 (1.0 M) aqueous solution was used as the electrolyte
solution in the three electrode cell. The measurement was carried
out at 25 �C with a scan range of 0 to 1 V and a scan rate of
50 mV s−1.

RESULTS AND DISCUSSION

Thermal Properties of PAN Fibers with Porous and Ultrafine
Nanofibril Structures
Figure 1(a–e) shows the SEM images of the neat PAN nanofibers
and neat CNFs. The df of PAN nanofibers. PAN/PVP nanofibers,
and CNFs are listed in Table I. The df of the neat PAN nanofiber
was 420 � 58 nm. The df of the neat CNF nanofiber was
248 � 36 nm. Less crosslinked morphologies were observed in
the neat CNF. However, the fused feature can also be observed in
the neat CNFs. Two PAN fibers would merge together when the
surfaces of two neat PAN fibers are in contact with each other.
Figure S1(a–c) shows SEM images of the PAN/PVP bicomponent
fiber products collected from the electrospinning of the PAN/-
PVP solutions with varying PAN/PVP weight ratios. For the 8 wt %
polymer concentration, all electrospun PAN/PVP bicomponent
fibers with varying PAN/PVP weight ratios were bead-free fibers.

ARTICLE WILEYONLINELIBRARY.COM/APP

48218 (3 of 15) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48218

http://WILEYONLINELIBRARY.COM/APP


The df of PAN/PVP 75/25, PAN/PVP 50/50, and PAN/PVP 25/75
fibers were 276 � 28 nm, 221 � 35 nm, and 167 � 23 nm, respec-
tively. The PAN/PVP bicomponent fibers with varying PAN/PVP
weight ratios were put through selective removal of the PVP com-
ponent via immersion in hot water with 8000 ppm sodium hypo-
chlorite. After removing most of the PVP components with hot
water and sodium hypochlorite from the PAN/PVP nanofibers,
the weight loss ratios of PAN/PVP 75/25, PAN/PVP 50/50, and
PAN/PVP 25/75 were 26 � 1, 48 � 3, and 77 � 1%, respectively.
Hence, only the weight loss ratio of PAN/PVP 50/50 nanofibers
was slightly smaller than the prepared ratio of the PVP content of
PAN/PVP 50/50 nanofibers after washing. Moreover, the deviation
in the weight loss ratio of PAN/PVP 25/75, PAN/PVP 50/50, and
PAN/PVP 75/25 nanofibers may have been due to the water
absorption of PVP content and operation inaccuracy. This result
indicated that the residue of PVP content for PAN-P1, PAN-P2,
and PAN-UF nanofibers can be very small.

Figure 1(b–d) shows the SEM images of the PAN fibers with
porous and ultrafine nanofibril structures. Continuous residual
fibers were obtained after the PVP components were removed
selectively from the fibers. The df and short axis of surface pores
(Ps) of PAN fibers with porous and ultrafine nanofibril structures
are also listed in Table I. The PAN-P1 and PAN-P2 nanofibers
developed a porous surface structure. Surface pores were
observed with short axis dimensions in the order of
10.8 � 2.7 nm and 16.1 � 3.7 nm in the PAN-P1 and PAN-P2
nanofibers, respectively, whereas the df of the PAN-P1 and PAN-
P2 nanofibers were 200 � 27 nm and 195 � 33 nm, respectively.
PAN-UF nanofibers could be observed with ultrafine nanofibrils
at an df of 16 � 3 nm inside the PAN-UF nanofibers after the
PVP component was removed selectively from the fibers. Fur-
thermore, the outer shell df of the PAN-UF nanofibers was
167 � 21 nm. The SEM images of the cross sections of PAN-UF
nanofiber mats are shown in Figure S2. The ultrafine PAN
nanofibril structure was found on the PAN-UF nanofiber mat
surface and inside the PAN-UF nanofiber mats. The phase-
separating domains of the PAN/PVP 25/75 solution were
stretched into string phase under shear flow during
electrospinning. The string phases became ultrafine nanofibrils
after the selective removal of the PVP component from the fibers.
However, the PVP domains of the PAN/PVP 75/25 and PAN/-
PVP 50/50 solution were stretched into ellipsoidal phase during
electrospinning. The ellipsoidal domains acquired porous

structures in PAN-P1 and PAN-P2 fibers after the selective
removal of the PVP component from the fibers. Thus, the PAN
fibers with porous structures provided more random orientation
PAN chains than those with ultrafine nanofibril structures for
fiber shrinkage during the selective removal of the PVP compo-
nent via water extraction. Nevertheless, the effects of the PVP
molecular weight in PAN/PVP phase separation solution proper-
ties could affect the PAN fiber morphologies after selective
removal of the PVP component from the fibers. This issue was
beyond the scope of this study and deserved future work.

The PAN fibers with porous and ultrafine nanofibril structures
were heated to 320 �C in air for 1 h at a heating rate of
1 �C min−1 for the stabilization process, and then heated to
900 �C in a nitrogen atmosphere for 1 h at a heating rate of
5 �C min−1 for the carbonization process. This caused the fiber
color to change from white to black, and the porous and ultrafine
nanofibril structures were changed dramatically due to thermal
shrinkage. Figure 1(g,h) shows the SEM images of the PAN fibers
with porous and ultrafine nanofibril structures after the carboni-
zation process. The df and Ps of CNFs with porous structures are
also listed in Table I. When the PAN-P1 nanofibers were treated
with the stabilization and carbonization processes, the CNF-P1
appeared to have an ellipse-shaped porous structure with a short
axis of 29.0 � 10.0 nm, and the df of CNF-P1 was 153 � 23 nm.
When the PAN-P2 nanofibers were treated with the stabilization
and carbonization processes, the CNF-P2 appeared to have a reg-
ular undulating structure with a df of 152 � 26 nm. Based on the
SEM images, the CNF-P2 showed a regular undulating structure.
Moreover, pore structures remained on the CNF-P2 surface, but
the pore size of CNF-P2 was difficult to determine because of the
regular undulating structure. When the PAN-UF nanofibers were
treated with the stabilization and carbonization processes, the
CNF-UF also appeared to have a regular undulating structure
with a df of 117 � 16 nm. Based on the results in Table I, the df
values of the CNF-P1 and CNF-P2 were smaller than those of
PAN-P1 and PAN-P2, respectively, while the df value of CNF-UF
was also smaller than the outer shell df value of the PAN-UF.
Moreover, the df value of the neat CNF was smaller than that of
the neat PAN due to thermal shrinkage during PAN crosslinking
and cyclization reactions. It was noteworthy that the ultrafine
PAN nanofibrils disappeared during carbonization. If the PAN
fibers with porous and ultrafine nanofibril structures were utilized
as a supercapacitor electrode precursor, it would be important to

Table I. Sample Codes, Average Diameter (df), and Short Axis of Surface Pores (Ps) of PAN/PVP Composite Fibers Obtained and the Resulting Fibers with
the Removed PVP Component and Carbonization Process

Electrospinning
solution polymer
composition
(PAN/PVP)

As-spun PAN/
PVP nanofibers

Porous PAN nanofibers
(removed PVP component)

Porous carbon
nanofibers

Sample code df (nm) Sample code df (nm) Ps (nm) Sample code df (nm) Ps (nm)

100/0 PAN/PVP 100/0 420 � 58 neat PAN 420 � 58 — neat CNF 248 � 36 —

75/25 PAN/PVP 75/25 276 � 28 PAN-P1 200 � 27 10.8 � 2.7 CNF-P1 153 � 23 29.0 � 10.0

50/50 PAN/PVP 50/50 221 � 35 PAN-P2 195 � 33 16.1 � 3.7 CNF-P2 152 � 26 —

25/75 PAN/PVP 25/75 167 � 23 PAN-UF 16 � 3 — CNF-UF 117 � 16 —
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keep the porous and ultrafine nanofibril structures during the sta-
bilization and carbonization processes to enhance the surface area
of CNF. However, most of the porous and ultrafine nanofibril
structures would disappear after carbonization. This implied that
the PAN chains in the PAN fibers with porous and ultrafine
nanofibril structures would relax by thermal shrinkage during
thermal heating. In order to reduce the thermal relaxation of the
PAN chains, the selection of an appropriate stabilization temper-
ature for the PAN-crosslinked fibers was important. Therefore,
TGA, DSC, and in situ FTIR spectroscopy was used to study the
intermolecular and intramolecular cyclization reactions in the

PAN fibers with porous and ultrafine nanofibril structures during

stabilization.

Figure 2(a) shows the TGA curves of the PAN fibers with porous
and ultrafine nanofibril structures in the nitrogen atmospheres at
10 �C min−1. The thermal degradation in nitrogen atmosphere of
the neat PAN, PAN-P1, PAN-P2, and PAN-UF nanofibers began
at 289, 294, 293, and 287 �C, respectively. According to the
literature,18,22,23 the weight loss between 270 and 300 �C in the
TGA plots results from cyclization and dehydrogenation, whereas
the weight loss between 300 and 450 �C in the TGA plots is

Figure 1. SEM images of (a) neat PAN nanofibers, (b) PAN-P1 nanofibers, (c) PAN-P2 nanofibers, (d) PAN-UF nanofibers, (e) neat CNFs, (f) CNFs-P1,
(g) CNFs-P2, and (h) CNFs-UF. [Color figure can be viewed at wileyonlinelibrary.com]
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caused by the release of small impurities from the ladder struc-
ture. In addition, the plateau between 450 and 800 �C of the
PAN fibers in TGA plots were form the stabilized structure. In
nitrogen atmosphere, the residue of the neat PAN, PAN-P1,
PAN-P2, and PAN-UF nanofibers left at 800 �C is 33.3, 30.9,
28.4, and 34.6 wt %, respectively. The plateau between 450 and
800 �C of PAN-P1, PAN-P2, and PAN-UF nanofibers was lower
than that of the neat PAN nanofibers. This indicated that the
thermal stability of the PAN fibers with porous and ultrafine
nanofibril structures was lower than that of the neat PAN
nanofibers.

Figure 2(b) shows the DSC heating traces of the PAN fibers with
porous and ultrafine nanofibril structures in the nitrogen atmo-
sphere at a heating rate of 10 �C min−1. Because PVP can easily
absorb water from the air, the plasticizer effect of the absorbed
water results in an endothermic peak (Ta) at 105.6 �C. Kim24

reported a similar result. The Ta of the PAN fibers with porous
and ultrafine nanofibril structures could be still observed. This
indicated that there was still some PVP content in the PAN fibers
with porous and ultrafine nanofibril structures after the PVP com-
ponents were removed. The Ta of PAN-P1, PAN-P2, and PAN-UF
nanofibers was 84.0, 128.5, and 123.4 �C, respectively. The neat
PAN fibers showed a very strong exothermal peak (Tc) at about

300.8 �C from the cyclization reaction of PAN. The Tc of PAN-P1,
PAN-P2, and PAN-UF nanofibers was 299.2, 296.1, and 292.8 �C,
respectively. However, previous studies19,25 indicated that such a
thermochemical reaction at 278 and 309 �C would likely be related
to the intramolecular and intermolecular reaction of nitrile groups
in the PAN macromolecules with extended chain conformations,
respectively. The Tc of the PAN fibers with porous and ultrafine
nanofibril structures decreased with the increase in the PVP con-
tent. This result implied that the microstructure of the PAN fibers
with porous and ultrafine nanofibril structures could affect the
cyclization of PAN. However, the dehydrogenation, radiation,
intermolecular and intramolecular cyclization, and oxidation reac-
tions would occur during the stabilization process. In addition,
TGA and DSC were heated in nitrogen atmospheres, but most of
the stabilization process of PAN fibers was heated in air atmo-
spheres. The stabilization process of the PAN nanofibers was diffi-
cult to observe via DSC measurements only, therefore, in situ
FTIR spectroscopy was used to reveal the complex stabilization
reactions during heating.

In Situ FTIR Spectroscopy of PAN Fibers with Porous and
Ultrafine Nanofibril Structures
Figure 3(a) shows the FTIR spectra of the neat PAN nanofibers dur-
ing stepwise heating to 330 �C. According to the literatures,26–28 the
absorbance bands at 2936, 2240, and 1453 cm−1 are associated with
the CH2 asymmetric stretching, nitrile symmetric stretching, and
CH2 bending signals of PAN, respectively. Moreover, prior to
heating, broad absorbance bands at approximately 3680–3200 cm−1

attributed to the water absorption of PAN chains and well-defined
absorbance bands at 1625 cm−1 assigned to C═O of the DMF sol-
vents were detected. When the temperature was increased to
100 �C, the absorbance bands at 3680–3200 cm−1 and 1625 cm−1

disappeared. When the temperature was increased to 180 �C, the
absorbance bands at 2240 cm−1 decreased gradually, resulting from
radiation of the nitrile group. When the temperature was increased
to 220 �C, the absorbance bands at 1576 cm−1 increased gradually
which was related to the formation of imine.18,29 This indicated
either intermolecular or intramolecular reactions of the nitrile group
with adjacent nitrile, which formed a ladder structure.14,30 When
the temperature was increased to 240 �C, the increased absorption
peak at 1660 cm−1 confirmed the presence of C═O species and indi-
cated an oxidation reaction during the stabilization process. Further-
more, when the temperature was increased to 250 �C, the increase
absorption peak at 804 cm−1 confirmed the formation of the tri-
azine ring.17,30 These absorbance changes, which were consistent
with previous findings on the stabilization process, revealed the
intermolecular and intramolecular reactions of the nitrile group.17

Figure 3(b–d) shows the FTIR spectra of the PAN-UF, PAN-P1,
and PAN-P2 nanofibers during stepwise heating. A similar
increase in the absorbance bands was also observed in the PAN-
UF, PAN-P1, and PAN-P2 nanofibers with the increased tempera-
ture. For all the PAN fibers with porous and ultrafine nanofibril
structures, well-defined absorbance bands at 1682 cm−1 assigned
to C═O were detected.7 Upon heating, the absorbance band at
1682 cm−1 still appeared. This indicated that the absorbance band
at 1682 cm−1 was related to the PVP molecules, not the DMF sol-
vent. There were still some PVP molecules in the PAN-UF, PAN-
P1, and PAN-P2 nanofibers after removing the PVP component.

Figure 2. (a) TGA curves and (b) DSC heating traces of the PAN fibers
with porous and ultrafine nanofibril structures in nitrogen atmospheres at
10 �C min−1. [Color figure can be viewed at wileyonlinelibrary.com]
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This result was consistent with the DSC results. When the tem-
perature was increased to 220 �C, the absorption band of the
PAN-UF nanofibers at 2240 cm−1 began to decrease, while the
absorbance band of imine, which was slightly shifted to 1587 cm−1,
began to increase and then decrease at 280 �C. The absorption
bands of the triazine ring, which was slightly shifted to 800 cm−1,
began to increase as the temperature was increased to 240 �C. For
the PAN-P1 and PAN-P2 nanofibers, the absorption bands at
2240 cm−1 began to decrease as the temperature was increased to
180 �C. When the temperature was increased to 240 �C, the
absorption bands at 803 cm−1 began to increase. Moreover, when
the temperature was increased to 220 �C, the absorption band at
1587 cm−1 began to increase. However, the absorption peak of the
PAN-P2 nanofibers at 1587 cm−1 began to decrease at 290 �C.
These results indicated that the dehydrogenation, radiation, and
intermolecular reactions of the nitrile group for the PAN fibers
with porous and ultrafine nanofibril structures exhibited lower
starting reaction temperatures than those for the neat PAN
nanofibers. The ladder structure of the crosslinked PAN chains for
the PAN fibers with porous and ultrafine nanofibril structures
could be easy broken down at a higher temperature.

Figure S3 shows magnifications of the range between 2350 and
2100 cm−1 of the FTIR spectra of the neat PAN, PAN-UF, PAN-P1,
and PAN-P2 nanofibers. Variations of the absorption bands between
2240 and 2190 cm−1 could be observed clearly as the temperature
increased. Figure 4(a) shows the variations in the absorbance band of
the neat PAN, PAN-P1, PAN-P2, and PAN-UF nanofibers with tem-
perature during stepwise heating. The absorption bands at 2240 cm−1

decreased and gradually shifted to 2230 cm−1 because the nitrile group
was transferred to the double bond conjugated nitrile.17,28 The absorp-
tion bands of the neat PAN, PAN-P1, PAN-P2, and PAN-UF
nanofibers shifted to 2230 cm−1 at 290, 300, 285, and 300 �C, respec-
tively. The PAN-UF nanofibers had a higher temperature when the
absorption bands shifted to 2230 cm−1 than the neat PAN nanofibers.
Moreover, the absorption band at 2190 cm−1 gradually shifted to
2220 cm−1 due to isolated nitriles or imine groups bonded with an aro-
matic structure [conjugated (2210 cm−1) and β-amino (2190 cm−1)
nitrile groups].17,28 The temperature for the bands between 2190 and
2220 cm−1 of the PAN-UF nanofibers to appear was 200 �C, which
was lower than those of the neat PAN, PAN-P1, and PAN-P2
nanofibers, whereas the bands between 2190 and 2220 cm−1 of the neat
PAN, PAN-P1, and PAN-P2 nanofibers shifted higher than that of the
PAN-UF nanofiber at the lower temperature region. In order to study
the extent of the radiation reaction of the nitrile group and the aromati-
zation of the ring of the ladder structure, the area of the absorbance
band between 2240 and 2190 cm−1 required further analysis. However,
according to the literature,28 there are three peaks in the absorbance
band between 2240 and 2190 cm−1. Thus, given the acquired FTIR
spectra profile, peak deconvolution was required to estimate the area of
the absorbance band between 2240 and 2190 cm−1. The areas of the
2240–2230 and 2220–2190 cm−1 bands were fitted with a Gaussian–
Lorentzian area function. Moreover, the areas of the 2220–2190 cm−1

bands included both conjugated (2210 cm−1) and β-amino
(2190 cm−1) nitrile groups.

Figure 4(b) shows the normalized area of the absorbance band
between 2240 and 2230 cm−1 (A2240) of the neat PAN, PAN-P1,

Figure 3. FTIR spectra of (a) neat PAN nanofibers, (b) PAN-UF nanofibers, (c) PAN-P1 nanofibers, and (d) PAN-P2 during stepwise heating to 330 �C in
air atmospheres at 1 �C min−1. [Color figure can be viewed at wileyonlinelibrary.com]
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PAN-P2, and PAN-UF nanofibers with temperature during step-
wise heating. A2240 was used in the following equation:

A2240 =
A2240,T
A2240,100

ð2Þ

where A2240 is the relative intensity of the nitrile groups, and
A2240,T and A2240,100 are the areas of the 2240 cm−1 bands at dif-
ferent temperatures and at 100 �C, respectively. The radiation of
the nitrile group process was characterized by the decreased
A2240. The A2240 of the neat PAN nanofibers decreased gradually
and then a sharp transition occurred from 240 to 290 �C and
then disappeared at 305 �C. Similar decreases in A2240 were also
observed in the PAN-P1, PAN-P2, and PAN-UF nanofibers with

increased temperature, and sharp transitions for the PAN-P1,
PAN-P2, and PAN-UF nanofibers were detected at 250–270,
240–285, and 260–280 �C, respectively, and then disappeared at
315, 295, and 310 �C, respectively. Notably, the A2240 values of
the PAN-UF between 100 and 200 �C were larger than those of
the neat PAN, PAN-P1, and PAN-P2. The PAN-UF nanofibers
had a higher sharp transitions temperature range of radiation of
the nitrile group than the other PAN nanofibers.

Figure 4(b) also shows the normalized area of the absorbance band
between 2220 and 2190 cm−1 (A2220) of the neat PAN, PAN-P1,
PAN-P2, and PAN-UF nanofibers with temperature during step-
wise heating. A2220 was used in the following equation:

A2220 =
A2220,T

A2220,MAX
ð3Þ

where A2220 is the relative intensity of the isolated nitriles or imine
groups bonded with an aromatic structure, and A2220,T is the areas of
the 2220 cm−1 bands at different temperatures. A2220,MAX is the maxi-
mum area of the 2220 cm−1 bands during stepwise heating. Thus, the
aromatization of the ring of the ladder structure was characterized by
the increased A2220. The A2220 of the neat PAN nanofibers was
increased gradually and then a sharp transition occurred from 260 to
285 �C. The saturated A2220 of the neat PAN nanofibers were at
290 �C and then decreased at 300 �C. Similar increases in A2220 were
also observed in the PAN-P1, PAN-P2, and PAN-UF nanofibers with
increased temperature, and sharp transitions for the PAN-P1, PAN-
P2, and PAN-UF nanofibers were detected at 250–305, 250–280, and
250–275 �C, respectively. The saturated A2220 of the PAN-P1, PAN-
P2, and PAN-UF nanofibers were at 310, 280, and 280 �C, respec-
tively, and then decreased at 320, 290, and 320 �C, respectively. The
decrease in A2220 values indicated that the ladder structures of the
neat PAN, PAN-P1, PAN-P2, and PAN-UF nanofibers were not sta-
ble at high temperature range. This could be caused by the enormous
exothermal heat generated during stabilization.

Figure 4(c) shows the extent of stabilization (Es) of the neat PAN,
PAN-P1, PAN-P2, and PAN-UF nanofibers with temperature dur-
ing stepwise heating. Es was used in the following equation18,29,31:

Es =
I1590,T
I2240,T

ð4Þ

where Es is the extent of stabilization, I1590,T is the intensity of
the 1590 cm−1 bands at different temperatures, and I2240,T is
the intensity of the 2240 cm−1 bands at different temperatures.
The absorption bands at 1590 and 2240 cm−1 were related to the
imine and nitrile groups, respectively. Thus, the Es indicated the
formation of ladder structures via intramolecular and inter-
molecular nitrile crosslink reactions. The Es of the neat PAN
nanofibers increased sharply during the transition from 250 to
300 �C. The Es of the PAN-P1, PAN-P2, and PAN-UF nanofibers
similarly increased as the temperature increased, and sharp tran-
sitions for the PAN-P1, PAN-P2, and PAN-UF nanofibers were
detected at 250–310, 250–290, and 250–305 �C, respectively.
Notably, the Es of the PAN-UF nanofibers was smaller than that
of the neat PAN, PAN-P1, and PAN-P2 nanofibers [the inset of
Figure 4(c)]. This result indicated that the intramolecular and

Figure 4. (a)variation in absorbance peak, (b) normalized area of the
2240 cm−1 (open symbols denote A2240) and 2220 cm−1 (filled symbols
denote A2220) bands, and (c) extent of stabilization of the neat PAN, PAN-
P1, PAN-P2, and PAN-UF nanofibers with temperature during stepwise
heating. The inset shows the higher magnifications of Figure 4(c). [Color
figure can be viewed at wileyonlinelibrary.com]
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intermolecular nitrile crosslink reactions of the PAN fibers with
porous and ultrafine nanofibril structures were slower than those
of the neat PAN nanofibers.

Figure 5 shows the normalized area of the absorbance band at
804 cm−1 (A804) of the neat PAN, PAN-P1, PAN-P2, and PAN-
UF nanofibers with temperature during stepwise heating. A804

was used in the following equation:

A804 =
A804,T

A804,MAX
ð5Þ

where A804 is the relative intensity of the triazine, and A804,T are the
areas of the 804 m−1 bands at different temperatures. A804, MAX is
the maximum area of the 804 cm−1 bands during stepwise heating.
The intermolecular reaction of the nitrile group was characterized
by the increase in A804. The neat PAN nanofibers exhibited a signifi-
cant increase in A804, and a sharp transition occurred from 260 to
285 �C. Similar increases in A804 were also observed in the PAN-P1,
PAN-P2, and PAN-UF nanofibers with increased temperature, and
sharp transitions for the PAN-P1, PAN-P2, and PAN-UF nanofibers
were detected at 260–275, 260–290, and 270–290 �C, respectively.
Moreover, the A804 values of the PAN-P1 and PAN-P2 nanofibers
decreased at 305 and 330 �C, respectively. The saturated A804 of the
neat PAN and PAN-UF nanofibers were at 290 and 315 �C, respec-
tively. Notably, the A804 values of the neat PAN, PAN-P1, and
PAN-P2 nanofibers at 270 �C were higher than those of the PAN-
UF nanofibers at 270 �C. The results implied that the intermolecular
reaction of the nitrile group with adjacent nitrile for the PAN-UF
nanofibers was more difficult than that for the neat PAN nanofiber,
and that the triazine group of the PAN-P1 and PAN-P2 nanofibers
would easily break down at a higher temperature range.

Based on above results, the PAN-P2 and PAN-UF nanofibers had
poor thermal stabilities at high temperatures during heating. The
poor thermal stabilities of PAN-P2 and PAN-UF nanofibers can
be ascribed to their high surface area which allows the fast evolu-
tion of volatiles. The fast evolution of volatiles in the PAN-P2
and PAN-UF nanofibers cannot be absolutely excluded.
However, another plausible source is that the orientation of the
PAN chains in the PAN-P2 and PAN-UF nanofibers affects the

intermolecular and intramolecular reactions of the nitrile group.
According to Lian et al.,20 the cyclization index of the PAN
chains in the PAN fiber decreases at the high stretching ratios of
PAN fiber during thermal heating. The orientation of the PAN
chains in the PAN-P2 and PAN-UF nanofibers exceed that of the
neat PAN nanofibers, which may cause difficulty for the intramo-
lecular cyclization reactions in the PAN-P2 and PAN-UF
nanofibers. Therefore, the ladder structures of the PAN-P2 and
PAN-UF nanofibers became unstable at high temperatures.

Figure 6 shows the SEM images of the PAN-UF nanofibers
heated to different temperatures. After removing the PVP com-
ponent in the PAN/PVP 25/75 nanofibers, there were numerous
spaces and pores between the ultrafine nanofibrils. When the
temperature increased to become greater than the Tg of PAN, the
ultrafine nanofibers still could be observed, but the df of the
ultrafine nanofibrils was increased. However, when the tempera-
ture increased to 200 �C, the ultrafine nanofibrils were hard to
identify. When the temperature increased to 270 �C, the porous
structures of the PAN-UF nanofibers could be observed.

Figure 7 shows the df of the neat PAN and PAN-UF nanofibers
during heating. The df of the neat PAN nanofibers were not
changed at approximately 420 nm until the temperature was
higher than the Tg of PAN. When the temperature increased to
120 �C, the df of the neat PAN nanofibers was slightly increased
to approximately 450 nm. This result indicated that the PAN
nanofibers underwent thermal expansion because the PAN chains
had mobility at temperature over its Tg. Moreover, when the tem-
perature increased to 260 �C, the df of the neat PAN nanofibers
began to decrease dramatically. Cipriani et al.17 reported a similar
result. This result revealed that the PAN nanofibers would experi-
ence thermal shrinkage during the PAN crosslinking and cycliza-
tion reactions.

The outer shell diameter of the PAN-UF nanofibers decreased as
the temperature increased when the temperature became greater
than the Tg of PAN. However, the df of the ultrafine nanofibrils
increased as the temperature increased. This result indicated that
the PAN chains in the ultrafine nanofibrils had the appropriate
energy and mobility to close the pores left from thermal relaxa-
tion during thermal heating. Therefore, selecting a good stabiliza-
tion temperature for ultrafine PAN-crosslinked nanofibrils was
capable of enhancing the structure stability during thermal
heating. The color of PAN-UF mats changed from white to
brown, and the ultrafine nanofibril structures were changed dra-
matically during heating. Therefore, the mechanical property of
PAN-UF mats would change, but the PAN-UF mats still showed
flexible mats during heating to 320 �C. However, the real
mechanical property of PAN-UF during heating was beyond the
scope of this study and deserved future work.

Based on the above stepwise heating results, the intermolecular
cyclization of the nitrile group could be significantly observed at
260 �C. In order to reduce the thermal relaxation of the PAN
chains during thermal heating, an appropriate temperature for
the intermolecular cyclization reaction of the nitrile group could
improve the structure stability. Therefore, 260 �C was selected for
isothermal heating. Figure S4 shows the FTIR spectra of the
PAN-UF nanofibers during stepwise heating from 25 to 260 �C,

Figure 5. Normalized area of the 804 cm−1 absorbance band (A804) of the neat
PAN, PAN-P1, PAN-P2, and PAN-UF nanofibers with temperature during
stepwise heating. [Color figure can be viewed at wileyonlinelibrary.com]
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the subsequent isothermal heating at 260 �C for 5 h, and then
stepwise heating from 260 to 330 �C. When the PAN-UF under-
went isothermal heating at 260 �C for 5 h, the absorption bands
at 2240 cm−1 decreased with time, whereas the absorption bands
at 1587 and 800 cm−1 increased with time.

After isothermal heating, the absorption bands at 2240 and
804 cm−1 for 5 h were significantly different from those for
0 min. Figure 8(a) shows the A2240 and A2220 of the neat PAN
and PAN-UF nanofibers during isothermal heating at 260 �C for
5 h. During the isothermal heating at 260�C, the A2240 value of

the neat PAN and PAN-UF nanofibers exhibited steep drops
from 0 to 75 min and from 0 to 45 min, respectively, and then
disappeared at 105 and 135 min, respectively. The A2240 values of
the neat PAN nanofibers were smaller than those of the PAN-UF
nanofibers. On the other hand, the A2220 values of the neat PAN
and PAN-UF nanofibers exhibited increases from 0 to 105 min
and from 0 to 120 min, respectively, and then slightly decreased
with time.

Figure 8(b) shows the A804 of the neat PAN and PAN-UF
nanofibers during isothermal heating at 260 �C for 5 h. During

Figure 6. SEM images of PAN-UF nanofibers heated to (a) 100, (b) 160, (c) 180, (d) 200, (e) 240, (f) 260, (g) 270, and (h) 320 �C in air atmospheres at
1 �C min−1.
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the isothermal heating at 260 �C, the A804 values of the neat PAN
and PAN-UF nanofibers exhibited sharp transitions from 0 to
90 min, which was then followed by a plateau. Moreover, the
A804 values of the neat PAN and PAN-UF nanofibers showed the
maximum value at 120 and 180 min, respectively, and then were
slightly decreased during following heating. The A804 values
of the neat PAN nanofibers are slightly larger than that of the
PAN-UF nanofibers from 0 to 120 min. The results indicated that
the intermolecular and intramolecular nitrile crosslink reactions
for the PAN-UF nanofibers were slower than those for the neat
PAN nanofibers during stepwise or isothermal heating.

Carbonized Structures
According to the above results, stabilization and carbonization of
the PAN-UF nanofibers were used in the following step. The
PAN-UF nanofibers were heated to 260 �C in air for 2 h at a

Figure 7. Fiber diameter of the neat PAN and PAN-UF nanofibers during
heating. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 8. (a) Normalized area of the 2240 cm−1 (A2240) and 2220 cm−1

(A2220) bands, and (b) normalized area of the 804 cm−1 (A804) bands of the
neat PAN and PAN-UF nanofibers with time during isothermal heating at
260 �C for 5 h. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 9. SEM images of (a) CNF-UF@260. TEM images of (b) CNF-UF
and (c) CNF-UF@260.
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heating rate of 1 �C min−1 for the stabilization process, and sub-
sequently heated to 900 �C in a nitrogen atmosphere for 1 h at a
heating rate of 5 �C min−1 for the carbonization process. CNF-
UF@260 was then obtained. Figure 9(a) shows SEM images of
the CNF-UF@260 nanofibers. The df of CNF-UF@260 was
74 � 12 nm. Compared with the morphologies of CNF-UF, a
porous structure could be observed in the CNF-UF@260. More-
over, the fiber diameter of CNF-UF@260 was about 0.64-fold
smaller than that of CNF-UF. This result indicated that the sur-
face area of the CNF-UF@260 was larger than that of the CNF-
UF. Figure 9(b,c) shows the TEM images of the CNF-UF and
CNF-UF@260 nanofibers. Compared with the morphologies of
CNF-UF, a clearer turbostratic structure could be observed in the

CNF-UF@260 nanofibers. This result revealed that the CNF-
UF@260 nanofibers had better carbon crystals than the CNF-UF
nanofibers.

The BET surface area and pore size of the various types of CNF
mats are listed in Table II. The neat CNF showed a small surface
area of 11.6 m2 g−1, because the CNFs in this study were not oxi-
dation etched with oxidizing gases (activation process). This BET
surface area result was similar with those from the study of Miao
et al.32 The BET surface area values of the neat CNF, CNF-P1,
and CNF-P2 mats were similar. Moreover, the BET surface area
values of CNF-UF@260 were significantly larger than those of
neat CNF, CNF-P1, CNF-P2, and CNF-UF. Notably, the BET
surface area values of CNF-UF were the smallest, because the
pore structure between ultrafine PAN nanofibrils would merge
together during thermal heating. This was consistent with SEM
results (Figure 6). Moreover, based on Figure S5(a), the SEM
image of the cross section of CNF-UF showed dense structures
without any fiber structures. This finding indicated that the
nanofibrils inside the CNF-UF mats merged together. Figure S5
(b) shows the SEM image of the cross section of CNF-UF@260
with individual fibril structures. Although the df of CNF-UF@260
was only 0.64-fold smaller than that of CNF-UF, the inside struc-
tures of CNF-UF and CNF-UF@260 were crucially different.
Thus, the surface area of CNF-UF is significantly smaller than
that of neat CNF and CNF-UF@260.

Table II. Summary of the Crystal Structure Parameters and Surface Area
of the Various Types of CNFs from WAXD

Sample code 2θ(002) (o) β (radian) Lc (nm)
Surface
area (m2 g−1)

Neat CNF 24.85 0.124 1.146 11.6

CNF-P1 24.80 0.126 1.128 17.3

CNF-P2 24.30 0.128 1.109 9.8

CNF-UF 24.85 0.120 1.184 1.9

CNF-UF@260 24.86 0.116 1.225 96.0

Figure 10. Schematic of the morphology change and intermolecular and intramolecular cyclization reactions of the PAN-UF nanofibers during the stabiliza-
tion and carbonization processes. (a) the morphology of PAN-UF nanofibers, (b) the intermolecular and intramolecular (triazine ring) cyclization reaction
routes of PAN polymer chains, (c) the morphology of CNF-UF, and (d) the morphology of CNF-UF@260. [Color figure can be viewed at
wileyonlinelibrary.com]
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The morphology change and intermolecular and intramolecular
cyclization reactions of the PAN-UF nanofibers during the stabili-
zation and carbonization processes are illustrated in Figure 10. The
ultrafine nanofibrils would merge together which cause the appro-
priate energy and mobility of PAN chains from thermal relaxation
during thermal heating. When the ultrafine PAN nanofibrils
underwent isothermal heating at 260 �C, the intramolecular reac-
tions of the nitrile group in the ultrafine PAN nanofibrils would be

increased to enhance the structure stability after carbonization.
According to Sun et al.,8 the residue of PVP polymer chains for
PAN-P1, PAN-P2, and PAN-UF nanofibers would crosslink with
PAN polymer chains. However, the crosslinking reaction tempera-
ture between PAN and PVP polymer chains could be higher than
the intramolecular reaction temperature of the nitrile group.24

Moreover, the amount of PVP in the PAN-P1, PAN-P2, and
PAN-UF nanofibers was too small to form sufficient crosslinking
structure to limit the mobility of the PAN polymer chains. There-
fore, the morphology difference between CNF-UF and CNF-
UF@260 was mainly caused by intramolecular reactions of the
nitrile group in the ultrafine PAN nanofibrils.

Figure 11(a) shows the WAXD intensity of the PAN fibers with
porous and ultrafine nanofibril structures. The neat PAN
nanofibers showed a strong diffraction peak at 2θ of 17.1� and a
broad halo appeared between 21 and 30�, whereas the PAN-P1,
PAN-P2, and PAN-UF nanofibers showed a strong diffraction
peak at the 2θ of 17.1� and a weak diffraction at 2θ angle of 29�.
These diffraction peaks were consistent with the results of Liu
et al.25 The diffraction peaks at 2θ of 17.1 and 29� were charac-
teristic (100) and (110) reflections for the PAN hexagonal lattice.
This result indicated that the crystalline and macromolecular ori-
entations in the neat PAN nanofibers were lower than those in
the PAN-P1, PAN-P2, and PAN-UF nanofibers.

Figure 11(b) shows the WAXD intensity of the PAN fibers with
porous and ultrafine nanofibril structures after thermal stabiliza-
tion. For the neat PAN, PAN-P1, and PAN-P2 nanofibers, the
strong diffraction peaks at 2θ of 17.1� disappeared, and a diffrac-
tion peak appeared at 2θ of 25.6�, which corresponded to the
(101) crystallographic plane and indicated the formation of aro-
matic ring or ladder structures, which was consistent with the
results of Liu et al.25 For the PAN-UF and PAN-UF@260
nanofibers, a broad halo appeared between 15 and 30� because the
diffraction peak at 2θ of 17.1� decreased, and the diffraction peak
at 2θ of 25.6� slightly increased. The WAXD results were consis-
tent with the FTIR results and indicated that the PAN chains,
which were confined in the ultrafine nanofibrils, were harder to
form the aromatic ring or ladder structures during stabilization.

Figure 11(c) shows the WAXD intensity of the various types of
CNFs. All types of CNFs showed a strong diffraction peak at
about 24.8�, corresponding to the graphitic crystallite planes
(002).9 The lateral crystallite thickness (Lc) of the various types of
CNFs could be determined by the Scherrer equation,
corresponding to the (002) reflection.9,11,33

Lc =
0:9λ
βcosθ

ð6Þ

where λ = 0.154 nm is the wavelength of the Cu Kα X-ray, θ is the
Bragg diffraction angle, and β is the full width at half maximum
intensity in radians. The 2θ(002), β, and Lc of the various types of
CNFs are listed in Table II. The β of the CNF-P2 was larger than
that of the other types of CNFs. Thus, the Lc of CNF-P2 was
smaller than that of the other types of CNFs. The Lc of the CNF-
UF@260 was larger than that of the CNF-UF. This result indicated
that CNF-UF@260 had a better graphitic structure than the
CNF-UF.

Figure 11. WAXD intensity of (a) PAN fibers with porous and ultrafine
nanofibril structures, (b) PAN fibers with porous and ultrafine nanofibril
structures after thermal stabilization, and (c) various types of CNFs. [Color
figure can be viewed at wileyonlinelibrary.com]
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Electrical Properties
The electrical conductivity (σ) values of the various types of CNF
mats are listed in Table III. The CNF-P1, CNF-P2, and CNF-UF
mats also had larger σ values than the neat CNF mats. This
implied that the small amount of PVP, which was left over in the
PAN-P1, PAN-P2, and PAN-UF nanofibers, helped to reduce the
resistivity from the interfiber connection of the CNFs during car-
bonization. This result was similar to that of Niu et al.9 This phe-
nomenon cannot be absolutely excluded. However, the σ was also
relative to the carbon structure of the CNFs. The σ of CNF-UF
was 10-fold smaller than those of CNF-P1 and CNF-P2. The σ of
CNF-UF@260 was significantly larger than those of CNF-UF and
the neat CNF@260. Both CNF-UF and CNF-UF@260 had PVP to
help the interfiber connection, and the Lc values of both CNF-UF
and CNF-UF@260 were larger than those of the CNF-P1 and
CNF-P2. Therefore, the larger differences in σ between CNF-UF
and CNF-UF@260 were caused by the formation of the ladder
structures during stabilization, which affected the carbonized struc-
ture of the CNF-UF and CNF-UF@260 during carbonization. This
implied that the ladder structures of the PAN-UF nanofibers for
stabilization at 260 �C had better ladder structures than that of the
PAN-UF nanofibers for stabilization at 320 �C. The ladder struc-
tures of the PAN-UF nanofibers could be broken easily at high
temperatures, which was consistent with the FTIR results.

Figure 12 shows the electrochemical CV curves of various types
of CNF mats. All CNF membranes had a near-rectangular
charge/discharge characteristic. The specific capacitances (Cm)
were calculated according to the CV curves (Figure 11). Cm was
used in the following equation34:

Cm =

Ð
IdV

vmΔV
ð7Þ

where I is the response current (A), ΔV is the voltage window
(V), v is the scan rate (V s−1), and m is the weight (g). Cm value
of the various types of CNFs is listed in Table III. The CNF-P1
and CNF-P2 also had larger Cm values than the neat CNF. How-
ever, the surface area values of neat CNF, CNF-P1, and CNF-P2
were similar. Thus, the larger Cm of the CNF-P1 and CNF-P2
could be attributed to the increase in electrical conductivity of
the CNF-P1 and CNF-P2. Moreover, the neat CNF and neat
CNF@260 had similar Cm values but vastly different σ values.
The df values of neat CNF and neat CNF@260 were similar,
which indicated that their the surface area of neat CNF and neat
CNF@260 were also similar. Therefore, the σ of neat CNF@260
was higher than that of neat CNF, indicating that the graphitic
structures of neat CNF@260 were better than those of neat CNF,
although the improvement was insufficient to significantly
increase Cm values. CNF-UF had the smallest Cm values of any
types among CNF, whereas CNF-UF@260 had the largest capaci-
tance value of 31.00 F g−1. This phenomenon was due to the syn-
ergistic effects of the large surface area and good graphitic
structures in CNF-UF@260. This result indicated that the stabili-
zation temperature for ultrafine PAN nanofibrils would affect the
structure of the CNF and then influence the performance of the
CNF electrode.

CONCLUSIONS

PAN fibers with porous and ultrafine nanofibril structures were
prepared by electrospinning a PAN/PVP phase separation solu-
tion and then the selectively removing the PVP component from
the electrospun PAN/PVP bicomponent nanofibers. The PAN
fibers with porous and ultrafine nanofibril structures subse-
quently carried out air stabilization and nitrogen carbonization
processes to prepare the CNFs for electrode application. The
effects of the PAN fiber structures on the stabilization process
were investigated using several analytical techniques, including
TGA, DSC, FTIR, WAXD, SEM, and TEM. Furthermore, the
possible electrode application in a supercapacitor was evaluated
by CV. According to the FTIR results, the intermolecular and
intramolecular reactions of the nitrile group for the PAN fibers
with ultrafine nanofibril structures exhibited slower reaction rates
than those for the neat PAN nanofibers during stepwise and iso-
thermal heating. This indicated that the PAN chains, which were
confined in the ultrafine nanofibrils, were harder to form the aro-
matic ring or ladder structures during stabilization. The ladder
structure of the crosslinked PAN chains for the PAN fibers with
porous and ultrafine nanofibril structures could easily break
down at higher temperatures. Thus, the microstructure of the
PAN fibers with porous and ultrafine nanofibril structures could
affect the intermolecular and intramolecular reactions of the

Table III. Electrical Conductivity and Specific Capacitance of the Various
Types of CNF Mats

Sample

Electrical
conductivity
(S cm−1)

Specific
capacitance
(F g−1)

Neat CNF 0.37 6.53

CNF-P1 166.76 7.55

CNF-P2 188.30 11.26

CNF-UF 14.33 1.84

Neat CNF@260 121.50 6.80

CNF-UF@260 1000.72 31.00

Figure 12. Electrochemical CV curves of various types CNF mats. [Color
figure can be viewed at wileyonlinelibrary.com]
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nitrile group during stabilization. Moreover, the ultrafine PAN
nanofibrils would merge together during the stabilization process,
because the PAN chain of the ultrafine PAN nanofibrils had the
appropriate energy and mobility to close the pores left from ther-
mal relaxation during thermal heating. The surface area and car-
bonized structure of the PAN fibers with porous and ultrafine
nanofibril structures were affected after carbonization. In order to
obtain the high surface area of CNF, selecting a good stabilization
temperature for the ultrafine PAN-crosslinked nanofibrils to
crosslink was capable of enhancing the structure stability during
thermal heating. Based on the FTIR results, the temperature of
260 �C was selected for stabilization for 2 h. The carbonized
structure, surface area, and conductivity of the CNF-UF@260
mats were better than those of the CNF-UF, neat CNF, and neat
CNF@260 mats. Moreover, Cm of the CNF-UF@260 mats was
fourfold higher than that of the neat CNF@260 mats. CNFs with
porous and ultrafine nanofibril structures are of interest for elec-
trode application in energy storage.
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