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a b s t r a c t

Carbon nanofibers were prepared through electrospinning a blend solution of polyacrylonitrile and
polypyrrole, followed by carbonization at 700 ◦C. Structural features of electrospun polyacryloni-
trile/polypyrrole bicomponent nanofibers and their corresponding carbon nanofibers were characterized
using scanning electron microscopy, differential scanning calorimeter, thermo-gravimetric analysis,
wide-angle X-ray diffraction, and Raman spectroscopy. It was found that intermolecular interactions
are formed between two different polymers, which influence the thermal properties of electrospun
bicomponent nanofibers. In addition, with the increase of polypyrrole concentration, the resultant car-
bon nanofibers exhibit increasing disordered structure. These carbon nanofibers were used as anodes for
olyacrylonitrile
olypyrrole
ithium-ion batteries

rechargeable lithium-ion batteries without adding any polymer binder or conductive material and they
display high reversible capacity, improved cycle performance, relatively good rate capability, and clear
fibrous morphology even after 50 charge/discharge cycles. The improved electrochemical performance
of these carbon nanofibers can be attributed to their unusual surface properties and unique structural
features, which amplify both surface area and extensive intermingling between electrode and electrolyte
phases over small length scales, thereby leading to fast kinetics and short pathways for both Li ions and

electrons.

. Introduction

Among various energy storage and conversation systems, high-
erformance rechargeable lithium-ion batteries (LIBs), with their
igh-energy density, long cycle life, and flexible design, are con-
idered as effective solution to the increasing need for high-energy
ensity electrochemical power sources [1–7]. Currently, LIBs are
ommercially available mainly as portable power sources for con-
umer electronic devices; however, there is an ever-increasing
emand for higher capacity and higher power, especially for emerg-

ng large-scale applications including electric and hybrid vehicles,
dvanced wireless communication devices and storage systems
or future power grids. This demand has promoted widespread

esearch efforts toward developing high-capacity alternative elec-
rode materials with long cycle life, improved safety, reduced
nvironmental impact, and low cost [1–9].
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Various types of carbon materials with different
micro/macrostructures have been investigated in order to improve
the electrochemical performance of LIBs [10,11]. In particular, the
development of continuous carbon nanofibers (CNFs) through a
combination of polymer electrospinning and subsequent ther-
mal treatments has demonstrated advantages in terms of easy
process, low cost, and environmentally benignity [12–14]. These
fabricated CNFs present unique structures, such as extremely long
fiber length, high surface area, and complex porous structure,
creating large amount of active sites and reduced charge transport
pathways. As a result, they are charming anode materials for
high-performance rechargeable LIBs [12–14].

Polypyrrole (PPy) is one important conductive polymer and
can be used as a precursor to produce carbon materials [15–17].
Improved electrochemical performance could be obtained if PPy-
based carbon can be transformed to continuous nanofibers.
However, it is difficult to obtain pure PPy-based CNFs via electro-

spinning because of the poor solubility and high conductivity of this
polymer. Therefore, a polymer carrier must be used during elec-
trospinning to produce conductive PPy precursor nanofibers [18].
Polyacrylonitrile (PAN) is easy to spin and can be used as a carrier
to disperse conductive polymers to obtain electrospun multi-phase

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xiangwu_zhang@ncsu.edu
dx.doi.org/10.1016/j.jpowsour.2009.10.021
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anofibers [19]. In addition, PAN can also be directly heat-treated to
orm carbon [12–14,20], and hence electrospinning PAN/PPy bio-
omponent nanofibers will be a promising approach to produce
igh-performance CNF anodes for LIBs.

We, therefore, present here one relatively novel route to pre-
are CNFs that rely on the electrospinning of PAN/PPy bicomponent
olutions. After carbonization, the resultant CNFs have high sur-
ace area and fast lithium charge/discharge kinetics, and they
an be directly used as anodes for LIBs without adding any
olymer binder or conducting additive. In this work, we incorpo-
ated these electrodes into laboratory-scale cells, which showed
mproved overall electrochemical performance when compared

ith graphite, which is presently being used in commercial LIBs. It is
nvisaged that this class of materials are promising electrode candi-
ates for LIBs to meet the stringent demands of a society constantly
eeking more advanced device lifetimes and energy densities.
. Experimental

PAN, PPy and solvent N,N-dimethylformamide (DMF) were pur-
hased from Aldrich. All these reagents were used without further

Fig. 1. SEM images of PAN/PPy bicomponent nanofibers with different PPy
es 195 (2010) 2050–2056 2051

purification. DMF solutions of PAN (8 wt%) containing different
amounts of PPy (15, 30, and 50 wt%) were prepared at 60 ◦C with
mechanical stirring for at least 72 h.

A variable high voltage power supply (Gamma ES40P-
20W/DAM) was used to provide a high voltage (around 14 kV)
for electrospinning with 0.5 ml h−1 flow rate and 15 cm needle-
to-collector distance. The electrospun PAN/PPy bicomponent
nanofibers were first stabilized in air environment at 280 ◦C for
3.5 h (heating rate was 5 ◦C min−1) and then carbonized at 700 ◦C
for 2 h in argon atmosphere (heating rate was 2 ◦C min−1).

The morphology and diameter of PAN/PPy bicomponent
nanofibers and their carbonized products were evaluated using
scanning electron microscopy (JEOL 6400F Field Emission SEM at
5 kV). Thermal properties of PAN/PPy nanofibers were evaluated
using differential scanning calorimetery (DSC) from 25 to 400 ◦C at a
heating rate of 10 ◦C min−1 in a nitrogen atmosphere (Perkin Elmer

Diamond Series DSC with Intracooler). Thermo-gravimetric analy-
sis (TGA) was also used to determine the weight loss of PAN/PPy
bicomponent nanofibers (after solvent evaporation) at 10 ◦C min−1

from 25 to 800 ◦C in air (TA Instruments Hi-Res TGA 2950). The
structural variations of CNFs were identified by wide-angle X-ray

contents: (A and B) 15 wt%, (C and D) 30 wt%, and (E and F) 50 wt%.
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Fig. 3. TGA thermograms of PAN/PPy bicomponent nanofibers with different PPy
ig. 2. DSC thermograms of PAN/PPy bicomponent nanofibers with different PPy
ontents: (a) 0 wt% (pure PAN), (b) 5 wt%, (c) 10 wt%, (d) 15 wt%, (e) 30 wt%, and (f)
0 wt%. For comparison, the DSC thermogram of pure PPy (100 wt%) that cannot be
lectrospun is also shown (g).

iffraction (WAXD, Philips X’Pert PRO MRD HR X-Ray Diffraction
ystem, Cu k�, � = 1.5405 Å) and Raman spectroscopy (Horiba Jobin
von LabRam Aramis Microscope, 633 nm HeNe Laser).

Electrochemical performance was evaluated using 2032 coin
ells (Hohsen Corp.). CNFs were attached onto copper foils to
e directly used as the working electrode. The loading density
as around 2.5 mg per electrode. Lithium ribbon (0.38 mm thick,
ldrich) was used as the counter electrode. Separion S240 P25

Degussa AG, 25 �m) was used as the separator. The electrolyte
sed was 1 M lithium hexafluorophosphate (LiPF6), dissolved in 1/1
V/V) ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (Ferro
orp.). Coin cells were assembled in a high-purity argon-filled glove
ox. Charge (lithium insertion) and discharge (lithium extraction)
ere conducted using an Arbin automatic battery cycler at sev-

ral different current rates between cut-off potentials of 0.01 and
.80 V. Finally, the surface morphologies of CNF anodes after 50
harge/discharge cycles were examined with JEOL 6400F FESEM at
kV.

. Results and discussion

Fig. 1 shows SEM images of electrospun PAN/PPy bicomponent
anofibers with different PPy contents (15, 30, and 50 wt%). It is
een that all nanofibers have regular and straight fibrous mor-
hology. With the increase of PPy content, irregularities, such as
o-called ‘beads on a string’ morphology, begin to appear [21,22].
his may be a result of the increased conductivity and viscosity of
he electrospinning solutions at higher PPy contents [22,23].

Thermal properties of electrospun PAN/PPy bicomponent
anofibers are explored using DSC and TGA characterizations. Fig. 2
hows DSC results of PAN/PPy nanofibers with different PPy con-
ents. For comparison, the DSC curve of pure PPy is also shown.
AN nanofibers show a relatively large and sharp exothermic peak
t about 290 ◦C, which is due to the complex and multiple chemi-
al reactions (i.e., dehydrogenation, instantaneous cyclization, and
rosslinking) of PAN during the process of thermal treatment via the
ree radical mechanism [24,25]. This exothermic peak still exists
n PAN/PPy bicomponent nanofibers at 290◦C, but its intensity
ecreases with the increase of PPy content. In addition, in PAN/PPy
icomponent nanofibers, there is also a new exothermic peak at

round 250 ◦C. With the increase of PPy content, the intensity of
his peak increases and the peak position shifts to higher temper-
tures. Therefore, the incorporation of PPy into PAN may influence
he complex chemical reaction mechanism of PAN due to the inter-
contents: (a) 0 wt% (pure PAN), (b) 5 wt%, (c) 10 wt%, (d) 15 wt%, (e) 30 wt%, and (f)
50 wt%. For comparison, the DSC thermogram of pure PPy (100 wt%) that cannot be
electrospun is also shown (g).

molecular interaction between the protonated PPy and pendant
nitrile groups of PAN [26]. The intermolecular interaction promotes
the initiation of the complex chemical reactions (especially, cycliza-
tion reaction) of PAN through an ion transfer mechanism [25,27]
since the initiation of the cyclization reaction through ion transfer
is easier than the formation of free radicals or peroxides. As a result,
an exothermic peak occurs at 250 ◦C. However, compared with the
peak at 290 ◦C, the 250 ◦C peak is wider and the total reaction is
smaller because the propagation through the ionic mechanism is
slower than that via the free radical mechanism. The DSC results
also reveal that pure PPy has an endothermic sharp peak at about
143 ◦C, which is consistent with the reported results [28,29].

TGA results are summarized in Fig. 3. It is seen that the majority
weight loss of pure PAN nanofibers in air occurs in two steps start-
ing at about 310 and 500 ◦C, respectively, while pure PPy exhibits
major weight losses at about 210 and 410 ◦C, respectively. This
indicates that compared with PAN component, PPy phase is eas-
ier to be degraded when thermally treated in air environment. The
PAN/PPy bicomponent nanofibers begin to decompose between the
decomposition temperatures of PAN and PPy. According to both
DSC and TGA results, 280 ◦C is an appropriate stabilization temper-
ature for PAN/PPy bicomponent nanofibers. After heat treatment
in air at 280 ◦C, the further increase in temperature in argon makes
both stabilized PAN and PPy into carbon, i.e., the formation of CNFs
[12–17].

Fig. 4 shows CNFs prepared from PAN/PPy precursor nanofibers
with different PPy contents. It is seen that PAN/PPy-driven CNFs
have undulated and wrinkled surface morphology and their diam-
eters are slightly smaller than those of PAN/PPy nanofibers (Fig. 1),
which may be due to the liberation of hetero-atoms and the den-
sification of carbon atoms in polymer chains during the thermal
treatments [23,30].

The structure of CNFs produced from PAN/PPy precursors with
different PPy contents was studied using WAXD (Fig. 5) and Raman
spectroscopy (Fig. 6), respectively. From WAXD patterns shown in
Fig. 5, it is seen that all nanofibers show a typical carbon peak at
near 2� = 25◦, which can be ascribed to the (0 0 2) graphite layers
[12,23,24]. The Raman spectroscopy (Fig. 6) shows well-known D-
band at around 1350 cm−1 and G-band at 1600 cm−1. The peak at
1350 cm−1 is attributed to defects and disordered portions of car-
bon and the peak at 1600 cm−1 is indicative of ordered graphitic

crystallites of carbon [12,13,20,23,24]. From Fig. 6, it is seen that
the D peak is always greater than the G peak for all CNFs, indicating
that these CNFs are mainly hard (non-graphitized) carbons con-
taining significant amount of disordered sections and defects. In
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Fig. 4. SEM images of CNFs prepared from PAN/PPy precursors with different

F
P

ig. 5. WAXD patterns of CNFs prepared from PAN/PPy precursors with different
Py contents: (a) 0 wt%, (b) 15 wt%, (c) 30 wt%, and (d) 50 wt%.
PPy contents: (A and B) 15 wt%, (C and D) 30 wt%, and (E and F) 50 wt%.

addition, the integrated intensity of D peak increases slightly with
the increase of PPy content, and hence the presence of PPy phase
in precursor helps create more defects or disordered carbon in the
resultant CNFs [12,13,20,23,24].

CNFs prepared from PAN/30 wt% PPy bicomponent precursor
are used as anodes to assemble lithium-ion half cells without
adding any polymer binder or conductive additive. Galvanostatic
charge–discharge experiments were carried out to evaluate the
electrochemical performance of these CNFs in half cells. Fig. 7 dis-
plays the charge–discharge curves and cycling performance of CNFs
under a constant current rate of 0.13 C (50 mA g−1) with a poten-
tial window from 0.01 to 2.8 V. As shown in Fig. 7A, during the first
charge, the voltage of CNFs decreases steeply to about 0.7 V where
a plateau region appear, followed by a slow decrease to the cut-
off voltage. The plateau starting at 0.7 V may be assigned to the
formation of a solid-electrolyte interface (SEI) layer on the elec-

trode surface during the first charge [12,24,31]. This plateau does
not appear from the second cycle, indicating that the SEI layer is
relatively stable. From Fig. 7A, it is also seen that CNFs have no def-
inite discharge plateau, which is the characteristic of the graphite
anodes, because these CNFs are formed mainly by non-graphitized
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ig. 6. Raman spectra of CNFs prepared from PAN/PPy precursors with different PPy
ontents: (a) 0 wt%, (b) 15 wt%, (c) 30 wt%, and (d) 50 wt%.

arbons with disordered sections and defects (see WAXD and
aman data in Figs. 5 and 6) [11–13,20–24,31–33]. In addition,
he large potential difference between the charge/discharge curves

ay be caused by the internal resistance in the cells since the cell
tructure has not been optimized. From Fig. 7A, it is also seen that
hese CNFs deliver charge and discharge capacities of about 885

nd 621 mAh g−1, respectively, at the first cycle. The coulombic effi-
iency is about 70.2%. The discharge capacity of CNFs decreases to
56 mAh g−1 at the second cycle (89.5% capacity retention), and

t continues to reduce to 479 and 454 mAh g−1 (77.1 and 73.1%

ig. 7. Charge–discharge curves (A) and cycle performance (B) of CNFs at a con-
tant current rate of 0.13 C (50 mA g−1). CNFs were prepared from PAN/30 wt% PPy
recursor. For comparison, the theoretical capacity of graphite is also shown.
Fig. 8. Discharge capacity vs. discharge rate at the second cycle for CNFs prepared
from PAN/30 wt% PPy precursor.

capacity retention) at the 20th and 50th cycles, respectively.
Fig. 7B exhibits the cycling performance of CNFs at the current

rate of 0.13 C (50 mA g−1). It is seen that, at the first cycle, CNFs
have an irreversible capacity of 264 mAh g−1 due to the formation
of SEI layer. After the first charge/discharge cycle, the irreversible
capacity is low and the coulombic efficiency is nearly 100%. In addi-
tion, CNFs always have much larger capacities compared with the
theoretical value of 372 mAh g−1 of graphite [31,34–38].

Another important characteristic of these CNFs is that they can
have stable electrochemical performance at relatively high cur-
rent rates. The relationship between specific discharge capacity and
current rate of CNFs from PAN/30 wt% PPy bicomponent precur-
sor are shown in Fig. 8 (rate capability). It is seen that CNFs have
relatively good rate capability. For example, at a current rate of
0.27 C (100 mA g−1), these CNFs have a discharge capacity of about
440 mAh g−1 at the second cycle, which is still greater than the
theoretical discharge capacity of graphite (372 mA h−1). At 0.54 C
current rate (200 mA g−1), the capacity of these CNFs decreases
slightly to 345 mAh g−1. This capacity decrease can be ascribed to
the formation of SEI films, limited electrode kinetics, and increased
impedance at high current rates [13,20,34–37].

It is well-known that the electrochemical characteristics of
carbonaceous materials strongly depend on their morphology
and microstructure [4,5,12,13,20,31–37]. Compared with commer-
cial graphite, PAN/PPy bicomponent-based CNFs have improved
electrochemical performance, especially high capacities. This is
probably due to their unique nanostructures and surface prop-
erties, such as disordered carbon structures, open pores, and
surface defects, which can supply extra sites to storage lithium.
As a result, the charge/discharge capacities of these CNFs are
larger than the theoretical value of 372 mAh g−1 of graphite
[4,5,12,13,20,31,36–41]. In addition, these fibrous structures car-
bonaceous materials also can alleviate the large structural changes
and accommodate the strains related to the large transforma-
tion upon charge/discharge processes [4,5,12,13,20,31,36–41]. As a
result, relatively good electrochemical performance, such as large
reversible capacity, improved cycle ability, and good rate capa-
bility, can be obtained. From Raman spectra results, it is also
seen that compared with pure PAN-driven CNFs, the PAN/PPy
bicomponent-based CNFs have more disordered microstructure,
which can provide extra space for the storage of lithium and its dif-
fusion, thereby leading to higher capacities compared with former

reported results [13,31,34,37,38].

In order to understand the influence of charge/discharge pro-
cess on the integrity of PAN/PPy-driven CNFs, SEM images were
taken after 50 charge/discharge cycles at different current rates
and the results are shown in Fig. 9. It is seen that all CNFs still
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ig. 9. SEM images of CNFs after 50 charge/discharge cycles at different current rates
Py precursor.

xhibit a relatively convoluted and wrinkled fibrous morphology
fter 50 cycles, indicating the integrity of CNFs is preserved dur-
ng charge/discharge cycles [39,41]. These results reveal that CNFs
an help LIB anodes to better withstand the volume expansion and
hrinkage during lithium insertion and extraction processes.

. Conclusion

PAN/PPy bicomponent nanofibers containing different amounts
f PPy were prepared through electrospinning. SEM results show
hat with the increase of PPy content, the surface morphology of
he fibers becomes more irregular, most likely due to the increas-
ng solution conductivity and viscosity induced by the PPy phase.
he DSC and TGA results indicate that there are some interactions
etween PAN and PPy phases, which influence the complex chemi-

al reactions of PAN phase upon thermal treatment processes. After
arbonization, the resultant CNFs were used as anodes for LIBs
ithout adding polymer binder or conductive additive and they

xhibit relatively large reversible capacity, good cycle performance,
nd high rate capability. In addition, these CNFs can maintain
d B) 0.13, (C and D) 0.27, and (E and F) 0.54 C. CNFs were prepared from PAN/30 wt%

fibrous structure and structural integrity over 50 charge/discharge
cycles. The improved electrochemical performance of PAN/PPy-
driven CNFs may be caused by their large surface area for charge
transfer, short distance for charge diffusion and electron conduc-
tion, and added freedom for the volume change that accompanies
lithium intercalation.
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