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Uniform and bead-free pure polyacrylonitrile (PAN) and its magnetic polymer nanocomposite (PNC)
fibers reinforced with different core-shell Fe@FeO nanoparticles (NPs) loadings are prepared using
electrospinning method. The morphology of the resulting products is correlated to the corresponding
rheological behaviors of the pure PAN and PAN/Fe@FeO solutions. The diameter of the PAN fibers is
linearly related to the polymer solution concentration. However, with a fixed PAN concentration of 10 wt
%, the Fe@FeO NP loading shows a negligible effect on the morphology of the PNC fibers. Thermogra-
vimetric analysis (TGA) results indicate an enhanced thermal stability of the PNC fibers than that of the
pure PAN fibers. Magnetic carbon nanocomposite (MCNC) fibers are prepared through the stabilization
and carbonization of the electrospun PNC fibers. The effects of the heating procedures, including the
stabilization and carbonization temperature and time, on the fiber morphology are systematically
investigated. Both short and long MCNC fibers could be easily produced by changing the heat procedures.
Room temperature magnetic properties of the nanocomposite fibers based on different heating proce-
dures are also studied in this work.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to its comparatively low-cost manufacturing and easy
deploymentevenona laboratorybench, electrospinning technology
has launched polymer micro- and nano- fibers, and broadens the
realms of nanotechnology and materials science [1]. Although the
most commonly studied material is polymer, electrospinning has
been used to prepare continuous fibers from a huge range of mate-
rials, such as composites [2e4], semiconductors [5] and ceramics
[6,7]. Electrospun fibers, especially in the nanoscale, have found
applications in various fields. For example, electrospun polymer
nanofibers possessing high porosity and large specific surface area
(surface-to-volume ratio) have been used as membranes for gas
separation, protein purification, and waste water treatment [8e10].
However, there are still some challenges for the long-term usage of
these polymer fibers, such as the inferior thermal stability of the
pure polymers [11], low mechanical strength, and solvent absorp-
tion (swelling effect) when exposed to liquids or gases [12]. Poly-
mers reinforced with inorganic materials have been demonstrated
All rights reserved.
to be an effectiveway to enhance the thermal,mechanical and other
physical properties of the polymers [13e18].

Carbon fibers are widely investigated due to their extremely
high mechanical strength and modulus, excellent thermal and
electrical conductivities. Therefore, they are widely used as large
load-bearing composites [19], super-capacitors [20,21], filters [22]
and catalyst supports for the rechargeable batteries or fuel cells
[23,24]. Conventionally, carbon fibers are prepared from poly-
acrylonitrile (PAN) or pitch precursors [25,26] and the typical
diameter ranging from 5 to 10 mm. Chemical vapor deposition
(CVD) method has been investigated to produce carbon fibers in
nanosize diameter. However, the complicated physical and chem-
ical processes associated with the high manufacturing cost have
always been the major hurdle for large-scale applications. The
rapidly developed electrospinning technology provides a flexible
and cost-effective way to produce carbon fibers with diameter
ranging from micro- to nano- meters [20]. In addition, the elec-
trospinning approach is especially useful in fabricating continuous
aligned carbon fibers with desired length, which depend on the
spinneret geometry [27] and thermal treatment including the
stabilization and carbonization. Recently, ceramic fibers of
alumina-borate [28], titania [7], silica [29], niobium oxide [30] and
copper oxide [31] are also produced using electrospinning
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technology. Incorporating nanoparticles (NPs) in the carbon fibers
is of great interest due to the combined advantages of the two
phase materials, such as the unique catalytic, optical, magnetic
properties of the nanomaterials and the excellent thermal stability,
chemical inertness, high mechanical strength of the carbon fibers.
Steigerwalt et al. [24] introduced a decomposition method to
prepare the Pt-Ru/carbon nanocomposite fibers with an aim to
enhance the anode catalyst performance of the direct methanol
fuel cells (DMFC). Even though an enhancement of 64% is observed
in the nanocomposite fibers as compared to that of the unsup-
ported Pt-Ru colloids, the repeatability of the catalysis performance
is not discussed, which is actually very important considering the
bonding strength between the NPs and the carbon fiber surface.
Electrospinning is able to produce carbon nanocomposite fibers
with strong interaction between the NPs and the fiber matrix
through embedding the NPs within the fibers [4]. Carbon fibers
with a specific functionality would definitely trigger further
interest in the structural materials, catalytic and sensing applica-
tions. Electrospun PAN fibers and the corresponding carbon fibers
have been well investigated in the last two decades. However, less
work has been done on fabricating PAN based nanocomposite
fibers to achieve the multi-functionalities.

In this paper, uniform and bead-free electrospun magnetic PAN-
based nanocomposite fibers and the corresponding magnetic
carbon-based nanocomposite fibers after stabilization and
carbonization are reported. The polymer concentration effects on
the resulting PAN fiber diameter together with the effects of the
heat treatment history including stabilization and carbonization
(temperature and time) on the magnetic carbon nanocomposite
fiber morphology are investigated. The thermal history has
a significant effect on the length of the resulting magnetic carbon
nanocomposite fibers. Compared to the magnetic PAN nano-
composite fibers, the magnetic carbon nanocomposite fibers are
magnetically softer with an observed decreased coercivity, while
the saturated magnetization increased in different scale depending
on the thermal processes.

2. Experimental

2.1. Materials

Polyacrylonitrile (PAN, Mw ¼ 150,000, Xn ¼ 283 and the density
is 1.184 g/cm3) was purchased from Scientific Polymer Products Inc.
Anhydrous N, N-dimethylformamide (DMF, 99.9%) was commer-
cially available from Alfa Aesar. Core@shell structured Fe@FeO NPs
with a particle size of 15e25 nm and an oxide thickness of 0.5 nm,
were provided by QuantumSphere, Inc. All the materials were used
as-received without any further treatment.

2.2. Preparation of pure polyacrylonitrile fibers

The PAN/DMF solutions were prepared by magnetic stirring at
room temperature with a polymer loading of 8, 10, 12 and 14 wt%,
Table 1
Thermal history of the stabilization and carbonization processes.

Name

CF1(pure)

MCF2

MCF3

MCF4

MCF5

MCF6
respectively. Pure PAN fibers were prepared using an electro-
spinning method. Typically, a 10-ml syringe with a stainless steel
gauge needle (inner diameter, 0.80 mm) was used to load the
polymer solution. A high-voltage power supply (Gamma High
Voltage Research, Product HV power Supply, Model No. ES3UP-5w/
DAM) was used and connected to the stainless needle. The groun-
ded counter electrode was a flat aluminum foil. The polymer
solution was constantly and continuously supplied by a syringe
pump (NE-300, New Era Pump System, Inc.). The applying voltage,
volume feed rate and tip-to-collector distance were 20 kV, 10 ml/
min and 15 cm, respectively.

2.3. Preparation of polymer nanocomposite fibers

The specific weight of the NPs, calculated based on pure PAN and
NPs, was mixed with 10 wt% PAN/DMF solution to achieve various
Fe@FeO loadings (1, 3, 7 and 10 wt %). The Fe@FeO NPs were
dispersed in the PAN/DMF solution by ultrasonication at room
temperature for 90 min. The PNC fibers were electrospun using the
same aforementioned setup with an applied voltage to 25 kV. The
higher voltage was introduced to overcome the increased visco-
elastic force with the addition of the NPs. The feed rate and tip-to-
collector distance retained the same as 10 ml/min and 15 cm as used
for electrospinning the pure PAN fibers. Both pure PAN and PAN/
Fe@FeO PNC fibers were dried in a vacuum oven to remove the
solvent residue at room temperature and stored for further char-
acterizations and thermal treatment.

2.4. Preparation of carbon nanocomposite fibers

The polymer fibers were converted to carbon fibers after the
thermal stabilization and carbonization in a Lindberg Blue M tube
furnace (Thermo Scientific Inc, maximum temperature: 1100 �C).
The carbon fibers produced from different heat treatment were
designated as CF1, MCF2, MCF3, MCF4, MCF5 and MCF6, respec-
tively. CF1 represents carbon fibers made from pure PAN fibers. The
other five samples from MCF2 to MCF6 were the magnetic carbon
nanocomposite fibers made from the PNC fibers with a Fe@FeO
particle loading of 10 wt% after different heating procedures. The
detailed heating procedures are summarized, Table 1.

2.5. Characterization

The rheological behaviors of the pure PAN and PAN/Fe@FeO PNC
DMF solutions were investigated with an AR 2000ex Rheometer
(TA Instrumental Company) at shear rate ranging from 1 to
1200 rad/s at 25 �C. A series of measurements were performed in
a cone-and-plate geometry with a diameter of 40 mm and a trun-
cation of 66 mm.

Fourier transform infrared spectroscopy (FTIR, Bruker Inc.
Tensor 27) with hyperion 1000 ATR microscopy accessory was used
to characterize PAN and PAN/Fe@FeO PNC fibers over the range of
4000e500 cm�1 at a resolution of 4 cm�1.
Heat procedures
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The morphologies of the pure PAN and PAN/Fe@FeO nano-
composite fibers were obtained using scanning electron micros-
copy (Hitachi S-3400 scanning electron microscopy). All samples
were sputter coated with a thin gold layer (Penton Mark IV) to
improve the conductivity for a better imaging quality.

The thermal stability of the pure PAN and PAN/Fe@FeO PNC
fibers was studied by a thermal gravimetric analysis (TGA, TA
Instruments Q500) under a heating rate of 10 �C/min and an air
flow rate of 60 ml/min from 25 to 700 �C. Differential scanning
calorimetry (DSC, TA Instruments Q2000) measurements were
carried out under a nitrogen flow rate of approximately 10 cm3/min
at a heating rate of 20 �C/min from 50 to 350 �C.

The magnetic properties of the magnetic carbon fibers and the
electrospun PNC fibers at room temperature were recorded in a 9T
physical properties measurement system (PPMS) by Quantum
Design.

3. Results and discussion

3.1. Rheological behaviors

Fig. 1 shows the viscosity and shear stress as a function of shear
rate for the PAN/DMF solution (PAN loading: 8 and 10 wt%) and the
Fe@FeO NPs suspended PNC/DMF solutions (NP loading: 1, 3 and
7 wt%). Shear thinning (viscosity decreases with an increase of the
shear rate/frequency) is observed in all the solutions [32,33]. The
viscosity and shear stress of the 10 wt% PAN/DMF solution are
almost doubled the values observed in the 8 wt% PAN/DMF solu-
tion. The viscosity curves of the PNC/DMF solutions seem over-
lapped at low shear rate and the difference becomes larger with
increasing shear rate, where the viscosity is positively proportional
to the nanoparticle loadings. It is worth noticing that the 1 wt%
Fe@FeO PNC solution shows sharper shear thinning as compared to
the pure PAN solution, and thus a crossover point at the shear rate
of 600 l/s is observed between these two curves. At lower shear
rates (<600 l/s), the polymer chain segmental motion is greatly
restricted by the NPs due to the well known “confinement effect”
[34]. Therefore, the PNC solutions show higher viscosity as
compared to the pure PAN solution. However, as the shear rate
exceeds 600 l/s, the 1 wt% Fe@FeO PAN/DMF solution shows even
lower viscosity than that of the pure PAN solution. Recently,
a reduced viscosity with a better nanofiller dispersion is reported in
the fullerene and magnetite NPs/polystyrene PNCs [35] and
Fig. 1. Viscosity and shear stress vs shear rate of the PAN-DMF solutions and the
Fe@FeO NPs suspended PAN/DMF solutions. The NPs suspended solutions are based on
10 wt% PAN.
polystyrene NPs in a linear polystyrene [36]. These reduced
viscosity observations are due to the slip and or inhomogeneous
flow [35,36]. Similar reduced viscosity is also observed in our
previous work of the Fe3O4 NPs suspended in polyacrylonitrile DMF
solutions, which is interpreted in terms of the enhanced orientated
polymer chains [37]. The NPs introduced into the polymer solution
will definitely bring the inhomogeneity and enhance the polymer
chain orientation. Thus, a decreased viscosity is observed.

The rheology of a non-newtonian fluid is often described by
power law equation, Eq. (1):

s ¼ K _gn (1)

where s is the shear stress, K is the flow consistency index, _g is the
shear rate and n is the flow behavior index. The value of the n
determines the fluid type. For n < 1, pseudoplastic fluids; n ¼ 1,
Newtonian fluids; n > 1, dilatant fluid. The rheological data are
summarized in Table 2. The n values for all the samples are less than
1, indicating a pseudoplastic nature of the solutions. With the
increase of the PAN concentration, the n value decreases corre-
sponding to a more obvious pseudoplastic behavior. For
non-newtonian fluid, the orientation of the polymer chains is the
governing factor, that influences the fluid behavior [38]. Thus, the
greatly decreased viscosity of the PAN solution at larger shear rate
is primarily due to the polymer segments orientation. For the PNC/
DMF solution, the gradually increased n value with increasing
nanoparticle loadings shows the trend of these solutions
approaching Newtonian fluid behavior, Table 2. However, the
highest value n¼ 0.82 observed in the 7wt% Fe@FeO solution is still
slightly lower than n ¼ 0.83 observed in the pure PAN solution,
indicating a more pseudoplastic behavior of the PNC solution. The
flow consistency index K and R2 are also presented in Table 2.

3.2. Microstructures of the as-spun pure PAN fibers

Fig. 2 shows the SEM microstructures of the pure PAN fibers
electrospun from the solutions with a PAN loading of 8, 10, 12 and
14 wt%, respectively. The fibers produced from all the polymer
loadings are well separated from each other and no beads are
observed. All the fibers show uniform diameter distribution with
a polymer loading of 10, 12 and 14 wt%. Except the one with
a polymer loading of 8 wt%, the fiber diameter can be roughly
divided into two groups with different sizes, Fig. 2a. The appear-
ance of a bimodal diameter distribution of the fibers is due to the
splitting of the electrospinning jets during the fiber production.
This observation is quite consistent with the results obtained from
poly(ethylene oxide) (PEO)/water solution [39] and polyimide/DMF
solution [15]. In addition, all the fibers are well separated from each
other without any bundles or junctions. This indicates an appro-
priate tip-to-collector distance (15 cm) in this study, which is long
enough to allow the solvent evaporation before reaching the target
collector. Polymer concentration is recognized as a key factor
influencing the final fiber morphology [40]. An appropriate poly-
mer concentration is necessary to obtain uniform fibers. Generally,
extremely high polymer concentration may lead to the
Table 2
The rheological data of the PAN and Fe@FeO/PAN/DMF solutions.

Composition* n R2 K

8 wt% PAN/DMF 0.90 0.9989 1.05
10 wt% PAN/DMF 0.83 0.9982 3.20
1 wt% Fe@FeO/PAN/DMF 0.78 0.9945 4.50
3 wt% Fe@FeO/PAN/DMF 0.80 0.9967 4.02
7 wt% Fe@FeO/PAN/DMF 0.82 0.9981 3.66

*For all composite samples, the PAN loading is 10 wt% in DMF.



Fig. 2. SEMmicrostructures of the pure PAN fibers electrospun from the solutions with a polymer loading of (a) 8, (b) 10, (c) 12 and (d) 14 wt%, respectively. Operational parameters:
20 kV, 15 cm and 10 ml/min.
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electrospinning process impossible due to the high viscosity, while
low concentration usually brings fibers with beads. Our previous
study shows that polymer solutions with both 4.0 and 6.5 wt% PAN
loading produced the fibers with beads [37]. The fiber morphology
is mainly affected by the force balance among the electrostatic
repulsion, surface tension and viscoelastic force [41,42] on the
liquid drop at the end of the tip. Once the force balance is broken
down, the unstable electrospinning jets will result in either beaded
fibers or other irregular fibers [39,43].

The average diameter of the electrospun pure PAN fibers as
a function of PAN concentration is plotted in Fig. 3. The fiber
diameter is observed to be almost linearly related to the PAN
Fig. 3. Average fiber diameter as a function of PAN concentration.
concentration. Some other groups tried to construct a relationship
between fiber diameter and polymer concentration using a regres-
sion method [39,44]. Rather than a linear relationship, they
observed a power law relationship with different exponents in
regression equation. The various regression equations and expo-
nents suggest the imperfection and complexity of the electro-
spinning process. The in-flight fiber splitting phenomena is
observed in the electrospinning process [45] and this is not always
true in the other systems [46], which may be responsible for the
complex relationship between the average diameter of the elec-
trospun fibers and the polymer concentration [39]. Besides the
polymer concentration, many other factors such as tip-to-collector
distance, electrical potential, relative humidity also have significant
effects on the diameter of the electrospun fibers [47].
3.3. Electrospun PAN/Fe@FeO PNC fibers

3.3.1. Microstructures of the PNC fibers
Fig. 4 shows the SEM images of the PAN/Fe@FeO PNC fibers with

a Fe@FeO nanoparticle loading of 1.0, 3.0, 7.0 and 10.0 wt%,
respectively. It is worth noting that the applied voltage was
increased to 25 kV for producing uniform PNC fibers to overcome
the increased viscoelastic force arising from the more viscous PNC
solutions. Similar to the electrospun pure PAN fibers, the fabricated
PNC fibers are pretty regular in shape and randomly lied on the
collecting electrode. The particle loading shows a negligible influ-
ence on the average diameter of the PNC fibers due to the observed
similar viscosity in the PNC solutions, Fig. 1. All the fibers electro-
spun from the solutions with different particle loadings show
a similar fiber diameter around 500 nm.

3.3.2. FT-IR analysis
Fig. 5 shows the FT-IR spectra of the as received PAN powder,

pure PAN fibers and PNC fibers with different particle loadings,



Fig. 4. SEM images of the PAN/Fe@FeO PNC fibers with a particle loading of (a) 1.0, (b) 3.0, (c) 7.0 and (d) 10.0 wt%. Operational parameters: 25 kV, 15 cm and 10 ml/min.
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respectively. The peaks at 2940 and 2920 cm�1 are due to the
stretching vibration of the methylene group (eCH2e). The strong
peak at 2240 cm�1 is a characteristic adsorption of the nitriles
compound [48] and is assigned to the stretching vibration of the
nitriles group (eCNe). The peaks at 1460 and 1360 cm�1 are
assigned to the bending vibrations of the methylene and methine
group [37,49], respectively. The 1250 cm�1 peak is due to the
wagging vibration of the methine group coupled with the rocking
vibration of the methylene group and the 1230 cm�1 peak is from
the twisting mode of the methylene group coupled with the
methine group [50,51]. The 1670 and 1630 cm�1 peaks are due to
the stretching vibration of the carbonecarbon double bonds
present at the end of the polymer chain [52,53]. After comparing
the spectra between the pure PAN fibers and PAN/Fe@FeO PNC
fibers, no additional new peak is observed, which indicates
Fig. 5. FT-IR spectra of the as received PAN, pure PAN fibers and PAN/Fe@FeO PNC
fibers with different Fe@FeO nanoparticle loadings.
a physical entanglement rather than chemical interaction between
the NPs and the polymer matrix.

3.3.3. TGA analysis
Fig. 6 shows the TGA curves of the pure PAN fibers and the PAN/

Fe@FeO PNC fibers. The degradation process of all samples can be
roughly divided into three stages, I, II and III. In stage I, all the fibers
are thermally stable until the temperature reaches 292 �C. It is
worth noting that the weight percentage of the PNC fibers is
slightly over 100% between 200 and 300 �C, which is due to the
oxidation of the NPs in air. At the very beginning of stage II, all the
samples experience a sharp weight loss around 292 �C, which is
primarily due to the formation of the ring compounds among eCN
groups [54,55]. The NPs exhibit negligible contribution to the
Fig. 6. TGA curves of the electrospun pure PAN fibers and PAN/Fe@FeO PNC fibers.



Fig. 7. DSC heating traces of (a) pure PAN fibers and PAN/Fe@FeO PNC fibers with
a particle loading of (b) 1, (c) 3, (d) 7 and (e) 10 wt%, respectively.

Table 3
DSC characteristics of the electrospun pure PAN and PAN/Fe@FeO PNC fibers.

Composition Tp-exo (�C)* DH (J g�1)*

Pure PAN 305.5 497.5
1 wt% Fe@FeO 300.9 437.9
3 wt% Fe@FeO 301.6 419.1
7 wt% Fe@FeO 302.6 438.2
10 wt% Fe@FeO 302.4 476.3

*Tp-exo: exothermic peak temperature, DH: exothermic heat calculated based on
pure PAN.

Fig. 8. SEM images of the PAN/Fe@FeO (10 wt%) PNC fibers after 1-h stabilization in air at
operational parameters: 25 kV, 15 cm and 10 ml/min.
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thermal stability of the nanocomposite fibers in this region.
However, as the temperature increases to 350 �C, the weight
percentage of pure PAN fibers and PAN/Fe@FeO PNC fibers with
a particle loading of 1, 3, 7 and 10 wt% are 53.0, 61.5, 64.1, 66.7 and
68.2%, respectively. This thermal stability enhancement is due to
the strong interaction between the electronegativeeCN groups and
the NPs [56]. At the end of stage II, the weight loss curves get close
to each other indicating the polymers are almost burnt out. In stage
III, typically above 600 �C, the decomposition of the polymermatrix
is completed and only the NPs are retained finally. As seen in stage
III, the final weight residue of each composition is larger than the
initial loading, which is due to the oxidation of the Fe@FeO NPs to
Fe2O3 during degradation.

3.3.4. DSC characterization
Fig. 7 shows the DSC heating scan curves of the electrospun

pure PAN fibers and PAN/Fe@FeO PNC fibers with different particle
loadings. The exothermic peak temperature (Tp-exo) and
exothermic heat enthalpy (DH) are summarized in Table 3. The
pure PAN fibers show a sharp exothermic peak at 305.5 �C and
a slight decrease in Tp-exo is observed in the PNC fibers. The DH of
the PNC fibers is calculated based on the weight of pure PAN
rather than the total weight of the PNCs. The decreased enthalpy
value of the PNC fibers than that of the pure PAN fibers indicates
the intensified conformational disorder with the addition of the
NPs. Being continuously heated to 250e400 �C, the degradation of
PAN is explosive in nature, which is attributed to the inefficient
removal of the polymerization heat of the nitrile groups, such
large amount of heat helps to make a bunch of secondary reac-
tions happen [57]. The samples are then conducted with an
additional cooling (350e25 �C) and heating process (25e350 �C
again). No obvious peak on the cooling curve is observed and the
exothermic peak disappears on the second heating curve (the
curve is not shown here). All these results indicate the exothermic
reactions occurred during the first heating process, generally
a temperature of (a) 220, (b) 250, (c) 280 and (d) 300 �C, respectively. Electrospinning



Fig. 9. FT-IR spectra of the PAN/Fe@FeO PNC fibers oxidized in air at a temperature of
(a) 25, (b) 200, (c) 220, (d) 250, (e) 280, and (f) 300 �C; and (g) after annealing
following the procedure of MCF6 in Table 1.

Fig. 10. SEM microstructures of the PNC fibers following the heating procedure
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including the dehydrogenation, instantaneous cyclization and
cross-linking reactions [58]. The exothermic peak is regarded as
the result of the nuclephilic attack on a nitrile followed by
instantaneous cyclization reaction to an extended conjugated
structure, which corresponds to the exothermic oxidative stabili-
zation process [59].

3.4. Stabilization of PAN/Fe@FeO PNC fibers

Fig. 8 shows the PAN/Fe@FeO PNC fibers after stabilization
under 220, 250, 280 and 300 �C, respectively. The fibers retain their
continuity without any breakage after different heat treatments.
And it is worth to notice that the fibers are relatively wavy after
heating at 280 and 300 �C, Fig. 8c,d than those heated at 220 and
250 �C, Fig. 8a,b. Previous reports on the stabilization of pure PAN
indicate that the conjugated polyene structures along the PAN fiber
molecules are preliminarily formed to some extent during the
prolonged stabilization treatment at 235 �C. Accompanied by the
dehydrogenation and/or dehydrocyanide reactions to form
the conjugated polyene structures along the backbone chain during
stabilization, the more stable ladder structures of PAN fibers are
formed [60]. The wavy shaped fibers after heating at higher
temperatures are probably due to the unbalanced inner-stress
in Table 1: (a) CF1, (b) MCF2, (c) MCF3, (d) MCF4, (e) MCF5 and (f) MCF6.
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around the outer surface during shrinkage as the dehydrogenation
and/or dehydrocyanide reaction proceeds.

The evolution of the fiber composition is further evidenced by
the FT-IR spectra, Fig. 9. The gradually decrease in the intensities of
the C^N for saturated nitriles at 2240 cm�1 and the aliphatic CeH
at 1453 cm�1 and 2922 cm�1 with increasing the heating temper-
ature from 25 �C to 220 �C confirms the reactions of dehydroge-
nation and dehydrocyanide. With further increasing the heating
temperature, these peaks disappear and several new peaks
between 1200 and 1600 cm�1 are observed, Fig. 9def, indicating
the growth of the C]C and C]N bands [60]. After annealing, the
polymer fibers are converted to carbon fibers accompanied by the
loss of the peaks in the typical range of 1000e1600 cm�1, Fig. 9g.
3.5. Carbonization of the PAN/Fe@FeO PNC fibers

The stabilized PAN/Fe@FeO PNC fibers are subjected to further
heating process under nitrogen with the aim to produce carbon
nanocomposite fibers. Fig. 10 shows the carbon nanocomposite
fibers after experiencing different stabilization and carbonization
processes. These fibers can be classified into three groups based on
the morphologies. Fig. 10a,b shows the wavy fibers bundled
together and some unexpected debris is observed in Fig. 10b.
Fig. 10c,d presents the well-separated straight carbon nano-
composite fibers with appreciable fiber length. Fig. 10e,f depicts
the separated fibers in short length. The significant difference in
the fiber morphology is majorly attributed to the stabilization time
and temperature, carbonization time and temperature. The fiber
bundling and fusion, Fig. 10a,b is probably due to the higher
heating rate (25e280 �C within 1 h) and longer stabilization time
(3.5 h). The high heating rate is able to introduce larger temper-
ature gradient directing from central to surface, which inevitably
brings larger inner stress inside the fiber. Finally, the fibers show
wavy shaped structure and even bundle together to minimize the
inner stress. With the elongation of the stabilization process, the
dehydrogenation and dehydrocyanide reactions may happen not
only on a single fiber, but also between the bundled fibers, and
thus the “fusion” phenomenon is observed, Fig. 10a,b. By
decreasing the heating rate (25e250 �C within 2 h), stabilization
temperature (from 280 to 250 �C) and duration (from 3.5 to 1 h),
the high quality carbon nanocomposite fibers with a diameter
Fig. 11. Magnetic hysteresis loops of the electrospun PNC fibers and carbon nano-
composite fibers at room temperature.
w400 nm are obtained, Fig. 10c,d. Comparing with the results
from MCF3 and MCF4, the carbonization temperature ranging
from 600 to 800 �C does not show a significant effect on the fiber
morphology. In other words, the stabilization process is the most
prominent factor affecting the final morphology of the fibers.
Enlightened from the above observations, it is reasonable to
consider that the carbon nanocomposite fibers can be possibly
chopped into small pieces with the help of the intensified thermal
stress difference. Higher stabilization temperature (300 �C) with
relatively longer duration time (2 h) is used to introduce larger
thermal stress difference. As a result, short carbon nanocomposite
fibers are observed, Fig. 10e,f.

3.6. Magnetic properties of the carbonized PAN/Fe@FeO PNC fibers

Fig.11 shows the room temperaturemagnetic hysteresis loops of
the electrospun PNC fibers and the PNC fibers after experiencing
different stabilization and carbonization processes. The saturated
magnetization (Ms) is 14.1, 6.8, 11.2, 21.5 and 24.1 emu/g for MCF2-
MCF6, respectively, which is higher than 5.9 emu/g of the electro-
spun PAN/Fe@FeO fibers. The higher Ms of MCF5 and MCF6 can be
partially justified considering that more iron oxide NPs had been
reduced to iron NPs through the reduction reaction by carbonized
polymer at higher carbonization temperatures. In addition, the less
carbon residue after annealing at high temperatures also contrib-
utes to a higher magnetization based on the unit mass of the
samples. The coercivity (Hc) is also related to the heating history on
the fibers, as seen in the inset Fig. 11. The Hc of the pure Fe@FeO NPs
is 62.3 Oe as reported previously [15]. The Hc of the electrospun
PAN/Fe@FeO fibers is significantly enhanced to 235 Oe. This means
that the NPs are magnetically harder after dispersing in the PAN
fibers, which is primarily due to the decreased interparticle dipolar
interaction arising from the enlarged NPs spacer distance for the
single domain NPs [37,61,62] as compared to the closer contact of
the pure NPs. After annealing, the Hc of the CF/Fe@FeO fibers
decreased to 125, 174, 209, 45 and 98 Oe corresponding to the
MCF2, MCF3, MCF4, MCF5 and MCF6, respectively, which is due to
the decreased particle spacer distance arising from the fiber
shrinkage during the carbonization.

4. Conclusion

Uniform and bead-free PAN fibers with different diameters are
produced from various polymer solutions using electrospinning
method. The fiber diameter is positively proportional to the poly-
mer concentration. Fixing the PAN concentration at 10 wt%, the
addition of different weight loadings of Fe@FeO NPs shows
a negligible effect on the diameter of the PNC fibers. The
morphology of the resulting fibers is correlated to the corre-
sponding rheological behaviors of the pure PAN and PAN/Fe@FeO
PNC solutions. The PNC fibers exhibit an enhanced thermal stability
as compared to that of the pure PAN fibers owing to the confine-
ment effect of the NPs. Magnetic carbon nanocomposite fibers are
produced through the stabilization and carbonization of the elec-
trospun PAN/Fe@FeO PNC fibers. The heating history including the
stabilization and carbonization temperatures, stabilization time
and carbonization time shows a significant effect on the carbon
fiber morphology and the magnetic properties. The fiber stabili-
zation process at different temperatures is monitored by FT-IR and
the results indicate that 250 �C is enough to initiate the dehydro-
genation and dehydrocyanide reactions while retaining the fiber
morphology as evidenced by SEM. The carbonization temperature
shows less effect on the fiber morphology. However, higher
carbonization temperature and longer carbonization time generally
cause larger saturatedmagnetization. Both short and longmagnetic
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carbon nanocomposite fibers can be simply produced by changing
the heating procedure.
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