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Both pure polyimide (PI) and Fe-FeO nanoparticles reinforced PI nanocomposite fibers with a particle loading
of 5, 10, 20, and 30 wt % are produced by electrospinning with optimized operational parameters such as
polymer concentration, applied electrical voltage, and tip-to-collector distance. The morphology of the resulting
products is correlated to the corresponding rheological behaviors of the pure PI and Fe-FeO/PI nanocomposite
solutions. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) reveal an enhanced
thermal stability of the nanocomposite fibers after introducing the Fe-FeO nanoparticles. The glass transition
temperature (Tg) and melting temperature (Tm) of the nanocomposite fibers increase by 10-12 and 15-17
°C, respectively, as compared to those of the pure PI fibers. The magnetic properties of the Fe-FeO nanoparticles
in the polymer nanocomposite fibers are different from those of the as-received nanoparticles. An increased
shell thickness by 7.4% is deduced after the nanoparticles experiencing the high-voltage electrospinning.

1. Introduction

Polymer nanocomposites (PNCs) or organic-inorganic hy-
brids attain the advantages of the polymers such as light weight,
easy processability, and flexibility, and introduce the propensity
of the inorganic materials such as high mechanical strength and
excellent electrical, magnetic, and optical properties. Sometimes,
PNCs even possess unique physical, chemical, or biological
properties, which are essentially different from those of the
components taken separately or physically combined properties
of each component. These PNCs have attracted wide interest
in both academic and industrial fields for their diverse potential
applications in energy storage devices,1 electronics,2,3 microwave
absorbers,4,5 and sensors.6

Electrospinning technology has attracted much interest re-
cently owning to its comparatively low manufacturing cost and
high production for fabricating polymeric micro- and nanofibers
in large scale as compared to other technologies, such as melt
fibrillation,7 nanolithography,8 and self-assembly.9,10 Electrospun
fibers, especially in the nanoscale size, have found wide
applications in various fields. For example, electrospun nanofi-
bers possessing high porosity and large surface-to-volume ratio
have been used as membranes for gas separation, protein
purification, and wastewater treatment.11–13 However, polymer
fibers have major disadvantages such as inferior thermal
stability,14 low mechanical strength, and solvent absorption
(swelling effect) when exposed to liquid or gas.15 Various
nanomaterials have been introduced to the polymer matrix with
an aim to enhance the physical, chemical, and biological
properties of the polymer fibers. Meanwhile, the specific unique
properties of the nanomaterials would be combined with the

nanocomposite fibers. Composite nanofibers with enhanced
mechanical and thermal properties have been reported in
polymer blends and inorganic-organic composites.16,17 Wang
et al.18 electrospun poly(vinyl acetate)/tungsten isopropoxide
(PVAc/W(iPr)6) nanocomposite fibers, which are transformed
to polycrystalline WO3 nanofibers for ammonia gas detection.

Polyimides (PIs), a class of high-performance engineering
plastics, are well-known for their excellent mechanical proper-
ties, stability at high temperatures, superior dielectric properties,
and good chemical resistance. PI has been applied in aerospace,
automobile, and microelectronic industries.19,20 PI has been used
as a carbon precursor to fabricate magnetic carbon composite
films.21,22 Clay23 and montmorillonite24,25 (MMT) functionalized
with organics have been studied for their significant contribution
to the enhanced thermal and mechanical properties of PI
nanocomposites. The dielectric constant of polyhedral oligo-
meric silsesquioxan (POSS)/PI nanocomposites was reduced by
9.1% with the incorporation of 2.5 mol % POSS while
maintaining the mechanical properties.26 Various other nano-
particles, such as zirconium tungstate (ZrW2O8),27 alumium
nitride (AlN),28 BaTiO3,29 and TiO2

30 were also introduced in
PI matrix to obtain versatile unique properties. Siochi et al.31

produced single-walled carbon nanotubes/PI nanocomposite
fibers with improved tensile moduli and yield stress using a
melt processing method. However, the fabrication of PI nano-
composites with the electrospinning method is rarely reported,
even less for the polyimide nanocomposites filled with magnetic
nanoparticles.

Fe-Fe core-shell (Fe@FeO) structured nanoparticles are
chosen due to their relatively high stability in air over that of
the pure iron nanoparticles while maintaining superior magnetic
properties. The thermal stability and magnetic properties of the
PI nanocomposite fibers are expected for high-temperature
magnetic sensing and microwave absorption applications.

In this work, pure PI and Fe-FeO/PI nanocomposite fibers
with various Fe@FeO nanoparticle loadings (5, 10, 20, and 30
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wt %) are fabricated by the electrospinning process. Both
electrospraying and electrospinning phenomena are observed
in polymer solutions with different polymer concentrations. The
effects of polymer concentration, applied electrical voltage, and
tip-to-collector distance on the fiber morphology and size
distribution are systematically studied. Thermal stability and
magnetic properties of the nanocomposite fibers are investigated
in this work. The core-shell structure of the nanoparticles is
deduced to change after the high-voltage electorspinning.

2. Experimental Section

2.1. Materials. Polyimide (PI, powder, Matrimid 5218 US)
was supplied by Huntsman Advanced Materials Americas, Inc.
Scheme 1 shows the molecular structure of PI. Core-shell Fe-
FeO nanoparticles with an average size of 20 nm are provided
by QuantumSphere, Inc. N,N-Dimethylformamide (DMF, 99.9%,
anhydrous) was purchased from Fisher Scientific Inc. All the
materials were used as received without any further treatment.

2.2. Preparation of Polyimide and Nanocomposite Solu-
tions. The PI/DMF solutions with PI loading of 10 and 20 wt
% are prepared by magnetic stirring overnight to completely
dissolve the polymer at room temperature. Nanocomposite
solutions are prepared from 20 wt % PI/DMF solution. Fe-FeO
nanoparticles (5, 10, 20, and 30 wt %, with regard to the weight
of PI) are weighed in different beakers, and then the specific
amount of 20 wt % PI/DMF solution is added. After completely
wetting the nanoparticles with the polymer solution, both
mechanical stirring (600 rpm, 1 h) and ultrasonication (40 min)
are subsequently performed to disperse the nanoparticles in PI/
DMF solution. Both pure polymer and Fe-FeO/PI nanocom-
posite solutions are used for electrospinning. All the experiments
are performed at room temperature.

2.3. Fabrication of Pristine PI and Nanocomposite Fibers.
Pure PI and Fe-FeO/PI nanocomposite fibers are prepared by
electrospinning. The viscous polymer solutions are loaded in a
10 mL syringe equipped with a 0.80 mm (inner diameter)
stainless steel gauge needle. The needle is connected to a high-
voltage power supply (Gamma High Voltage Research, Product
HV power supply, Model No. ES3UP-5w/DAM), which is
capable of providing a DC voltage up to 30 kV. The grounded
counter electrode is a flat aluminum foil. The solution is
constantly and continuously supplied with use of a syringe pump
(NE-300, New Era Pump System, Inc.). Various feedrates are
studied from 0.05 to 0.5 µL/min and the optimal federate is
chosen at 0.1 µL/min based on the experimental observa-
tions. The applied voltage in this work is adjusted from 10 to
25 kV. The external electrical field applied to the polymer
solution through the positive electrode is able to overcome the
surface tension of the various solutions and form a polymer
jet, which forms fibers on the aluminum foil after solvent
evaporation. The fibers are dried at 80 °C in a vacuum oven
and stored for further characterization.

2.4. Characterization. The rheological behavior of the pure
PI and its nanocomposite solutions are investigated with an AR
2000ex Rheometer (TA Instrumental Company) at a shear rate

ranging from 1 to 100 l/s at 25 °C. A series of measurements
are performed in a cone-and-plate geometry with a diameter of
40 mm and a truncation of 66 µm.

Fourier transform infrared spectroscopy (FT-IR, Bruker Inc.
Vector 22 FT-IR spectrometer, coupled with an ATR accessory)
is used to characterize the pure PI and its nanocomposite fibers
in the range of 500 to 4000 cm-1 at a resolution of 4 cm-1.

The glass transition temperature (Tg) and melting temperature
(Tm) are investigated by differential scanning calorimetry (DSC
2010, TA Instruments) with a heating rate of 10 °C/min and a
nitrogen flow rate of 20 mL/min. The samples are sealed in a
Tzero Pan (TA Instruments) and the measurement is conducted
in the temperature range of 25-300 °C. The weight of each
sample is about 10 mg. The DSC heat flow and temperature
are calibrated with an indium standard.

The thermal stability of PI and its nanocomposite fibers with
different nanoparticle loadings is studied with a thermogravi-
metric analysis (TGA, TA Instruments TGA Q-500). TGA is
conducted on the pure PI and its Fe-FeO nanocomposite fibers
from 25 to 900 °C with a nitrogen flow rate of 60 mL/min and
a heating rate of 10 deg/min.

The morphology of the pure PI and Fe-FeO/PI nanocomposite
fibers is evaluated by scanning electron microscopy (Hitachi
S-3400 scanning electron microscopy).

The magnetic properties of the Fe-FeO nanoparticles and Fe-
FeO/PI nanocomposite fibers at room temperature are carried
out in a 9 T physical properties measurement system (PPMS)
by Quantum Design.

3. Results and Discussion

3.1. Microstructure of Pure Polyimide Fibers. 3.1.1. Poly-
mer Concentration Effect. Electrospraying and electrospinning
are two different processes for fabricating micrometer and
submicrometer sized materials from polymers either in solutions
or melts.32–34 The process can be controlled from one to the
other by adjusting the operational parameters, though many
operational parameters may affect the size and morphology of
the final products, such as polymer concentration (viscosity),35,36

spinning atmosphere,37 applied electrical voltage, and tip-to-
target distance.38 The surface tension of the solution and the
electrostatic force should be balanced to obtain the stable jets
in order for fiber formation. Once the applied voltage exceeds
the critical voltage, the stable jets of liquids will be ejected from
the cone tip. The jets will break up into droplets and form
particles if the solution viscosity is extremely low, such as the
10 wt % PI/DMF solution, which only shows an average
viscosity of 0.09 Pa · s within the shear rate range from 1 to
100 l/s, Figure 1a. The viscosity sharply increases to 3.15 Pa · s
when the polymer concentration increases to 20 wt %. Moreover,
a corresponding higher viscosity is observed with the increase
of the nanoparticle loading. Figure 1b shows the corresponding
shear stress (Pa) as a function of shear rate (l/s) for the polymer
solutions with different particle loadings. The shear stress is
observed to increase almost linearly with the increase of the
shear rate, indicating a Newtonian fluid behavior. The low
viscous solution (10 wt % PI/DMF) is observed to form droplets
under the electrical field, Figure 2a,b. Microparticles with
diameters varying from submicrometer to micrometer are
observed and the submicrometer spheres are connected by
nanosized fibers. The formed submicrometer spheres with a
narrow size distribution rather than the continuous polymer
fibers are arising from the electrospraying modes.39,40 For the
polymer solutions with high viscosity, 20 wt % PI/DMF solution
(3.15 Pa · s, Figure 1a) in this case, the jet without breaking up

SCHEME 1: Molecular Structure of Polyimide
(Matrimid 5218 US)
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due to the cohesive nature of the high viscosity, travels to and
finally forms the fibers on the collecting grounded electrode,
Figure 2c,d. The formed fibers are uniform without any beads.
High magnification observation does not show any pore on the
surface of the particles, Figure 2b, and of the fibers, Figure 2d.

3.1.2. Tip-to-Collector Distance and Applied Voltage Ef-
fects. The effects of the tip-to-collector distance and the applied
electrical voltage on the fiber morphology and size distribution are
investigated. The experiments are set at different distances (15 and
20 cm) and various voltages (10, 12, and 15 kV) while maintaining
a constant 20 wt % PI/DMF solution. Figure 3 shows the fiber
morphology and specific fiber size. Panels a and d of Figure 3
show the microstructures of the fibers prepared with an applied
constant electrical voltage of 10 kV and a working distance of 15
and 20 cm, respectively. The fiber exhibits larger diameter size
from 10 to 20 µm with a shorter tip-to-collector distance, Figure
3a. However, the fibers are observed nonuniformly distributed and
the sizes can be generally divided into two groups: one is the larger
fibers with a size of about 10 µm and the other is in the size of 1
µm. This observation is consistent with the results obtained in
poly(ethylene oxide) (PEO)/water solution, which shows an obvious
more secondary population of fibers with diameters about one-
third of those in the primary population.32 In our case, the secondary
fiber diameter is much smaller, which is only about 1/10 of the
primary fiber diameter. The secondary population of fibers observed

in the electrospun fibers is formed due to the fiber splaying, which
is also observed in other works.41

The fibers exhibit uniform size distribution when the applied
electrical voltage increases to 12 and 15 kV. High voltage is
able to generate more charges to the solution or droplet surface
located at the tip of the needle (larger columbic forces) as well
as stronger electrical field (larger electrostatic forces), both of
which stretch the jets fully for the favorable formation of the
uniform and smooth fibers.42,43 However, the tip-to-collector
distance seems to have no significant effect on the fiber
morphology and size distribution, the diameter is about 2-4
µm for the fibers fabricated under different conditions, Figure
3, panels b and c, and e and f. These results indicate that the
accelerating voltage is the prominent factor to obtain uniform
fibers when polymer solutions with high concentrations are used.

3.2. Microstructure of Fe-FeO/PI Nanocomposite Fibers.
Fe-FeO/PI nanocomposite fibers are fabricated with different
Fe-FeO nanoparticle loadings from 5 to 30 wt %. Figure 4 shows

Figure 1. (a) Viscosity of 10 wt % PI/DMF (S1), 20 wt % PI/DMF (S2) and nanocomposite solutions with Fe@FeO nanoparticle loadings of 5
(N1), 10 (N2), 20 (N3), and 30 wt % (N4), respectively. The inset figure is the average viscosity calculated from the whole shear range. (b) Shear
stress vs shear rate of the solutions.

Figure 2. SEM microstructures of (a, b) 10 wt % PI/DMF solution
and (c, d) 20 wt % PI/DMF solution (15 cm and 15 kV).

Figure 3. SEM images of the pure PI fibers obtained at different
operational conditions (20 wt % PI/DMF solution).
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the SEM microstructures of the nanocomposite fibers with
different particle loadings. The solutions with higher nanopar-
ticle loadings are observed to require larger applied electrical
voltages to obtain nanocomposite fibers due to the increased
viscosity as particle loadings increase, Figure 1a. The viscosity
increases gradually from 3.15 to 4.99 Pa · s as the particle loading
increases from 5 to 30 wt %. To be specific, high electrical
voltage provides larger electrical force between the tip of the
needle and the collecting electrode, which is used to overcome
the enhanced internal adhesion force and larger surface tension
of the polymer solutions introduced by the addition of nano-
particles. The fibers are observed almost constant at around 2
µm for each composition and the nanoparticles are well
dispersed in the polymer fiber matrix, Figure 4. However, Figure
4f shows slight agglomeration of nanoparticles as the particle
loading increases to 30 wt %. The surface of nanocomposite
fibers is relatively rougher as compared to that of the pure PI
fibers. The more viscous nanocomposite solutions retard the
solvent evaporation process, which introduces more relaxation
time for polymer chains. And the introduced nanoparticles
restrict the motion of the polymer chain. Under such circum-
stances, the polymer chains are less patterned as compared to
the pure PI fibers, thus show a rougher surface.

3.3. FT-IR Analysis. Figure 5 shows the FT-IR spectra of
the pure PI and Fe-FeO/PI nanocomposite fibers. The bands at
859, 831, and 715 cm-1 are assigned to the 1,2,4-trisubstitude
of the benzene structure and the bands at 1508 and 1486 cm-1

are attributed to the backbone vibration of C-C in the benzene
ring. The strong band at 1370 cm-1 indicates the C-N stretching
in the polymer backbone structure.44 The asymmetric and
symmetric stretching bands of the -CO- are shown at 1668
and 1720 cm-1, respectively.45 The presence of the bands in
the region of 1000-1250 cm-1 is attributed to the vibration
and stretching of various methyl groups (-CH3, -C(CH3)2).
All these characteristic bands in the FT-IR spectra confirm the

molecular structure of the PI, Figure 5. Also, the molecular
structure is well maintained after dissolving in DMF and being
fabricated into fibers at the high electric field. As compared to
the spectrum of the pure PI fibers, no additional bands are
observed in the spectra of its nanocomposite fibers. This
indicates that the nanoparticles and PI matrix are physically
entangled together rather than through the formed chemical
bonding to form the nanocomposites.

3.4. DSC Analysis. Figure 6 shows the DSC curves of pure
PI and Fe-FeO/PI nanocomposite fibers. Two endothermic dips
are observed from the curves. The first dip at around 70 °C
indicates the glass transition temperature (Tg) and the second
dip at around 180 °C represents the melting temperature (Tm),
respectively. It is evident that both Tg and Tm increase with the
increase of the nanoparticle loading. The Tg for the pure PI fibers
is 62.4 °C and increases to 72.9, 74.4, and 76.5 °C for the
nanocomposite fibers with a particle loading of 10, 20, and 30
wt %, respectively. A similar phenomenon has been observed
in organically modified layered silicates/epoxy nanocomposites,
where the DSC results show a continuous increase in Tg with
the addition of the layered silicates.46 The increase in Tg observed
in the PI nanocomposites with all nanoparticle loadings is
attributed to the interactions between the nanoparticles and PI
matrix46,47 and the nanoconfinement of nanoparticles on the
polymer chains, which restrict the segmental motions at the
organic-inorganic interface.48

Figure 4. SEM images of Fe@FeO/PI nanocomposite fibers with
different nanoparticle loadings: (a, b) 5 wt % Fe@FeO/PI, 15 cm, 12
kV; (c, d) 10 wt % Fe@FeO/PI, 15 cm, 17 kV; (e) 20 wt % Fe@FeO/
PI, 20 cm, 22 kV; and (f) 30 wt % Fe@FeO/PI, 20 cm, 25 kV.

Figure 5. FT-IR spectra of pristine PI fibers and Fe@FeO/PI
nanocomposite fibers with different particle loadings.

Figure 6. DSC thermograms of pristine PI fibers and nanocomposite
fibers with different nanoparticle loadings.
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A similar trend in Tm is also observed for the pure PI fibers
and Fe@FeO/PI nanocomposite fibers, Figure 6. The Tm is
enhanced by 14.5 °C for the nanocomposite fibers with a 10 wt
% particle loading and is slightly increased by 1-2 °C with
the particle loading further increases to 20 and 30 wt %. The
increased melting temperature is due to the retarded mobility
of the PI chains induced by Fe@FeO nanoparticles and
subsequently higher energy is needed to move the whole long
polymer chains.

The melting enthalpy (∆Hm, based on the weight of pure
polymer rather than the total weight of polymer nanocomposites)
is observed to increase from 23.7 J/g for pure polyimide to 27.1
J/g for the Fe@FeO/PI nanocomposite fibers with a 10 wt %
particle loading, which is due to the reduced mobility of the
polymer chains induced by the nanoparticles. However, the ∆Hm

decreases gradually to 25.6 and 21.8 J/g when the nanoparticle
loading further increases to 20 and 30 wt %, respectively.
Similar results were also observed in iron oxide/PVA nano-
composites at higher particle loadings.49

3.5. Thermogravimetric Analysis (TGA). Figure 7 shows
the thermal gravimetric curves of the pure PI and Fe@FeO/PI
nanocomposite fibers up to 900 °C. The initial thermal
decomposition temperatures (T5%, the temperature at which the
total mass loss of 5% occurs) of all the samples are obtained
and summarized in Table 1. T5% is observed to increase
significantly with the increase of the Fe@FeO nanoparticle
loadings due to the restriction of the nanoparticles on the long-
range chain mobility of the polyimide phase within the
nanocomposites. Similar results are also reported in the poly-
(vinyl chloride) (PVC)/CaCO3 nanocomposites50 and poly(vinyl
acetate) (PVAc)/silicate nanocomposites.51 In addition, the
thermal stability of PI in the temperature range of 300-400 °C
demonstrates the capability to process these nanocomposites
within this temperature range, Table 1. The less weight loss of
the Fe@FeO/PI nanocomposite fibers at 400 °C is much lower
than that of the pristine PI fibers, which indicates an improved
thermal stability and is beneficial to the industrial manufacturing.

3.6. Magnetic Property. Figure 8 shows the room temper-
ature magnetic hysteresis loops of the as-received Fe@FeO
nanoparticles and Fe@FeO/PI nanocomposite fibers with a
nanoparticle loading of 30 wt %. The saturation magnetization
(Ms) is defined at the state when an increase in the magnetic
field cannot increase the magnetization of the material further.
Ms of both the as-received Fe@FeO nanoparticles and Fe@FeO/
PI nanocomposite fibers are observed to be reached at a
relatively high magnetic field. Ms is 108.1 and 30.6 emu/g for
the as-received Fe@FeO nanoparticles and its nanocomposite

Figure 7. Thermogravimetric curves for the pristine PI and nanocom-
posite fibers.

TABLE 1: TGA Results of PI and Fe@FeO/PI
Nanocomposite Fibers

samples T5% (°C)
wt residue at
400 °C (%)

pristine PI 473.8 98.3
5 wt % Fe@FeO/PI 480.6 99.8
10 wt % Fe@FeO/PI 481.9 99.7
20 wt % Fe@FeO/PI 482.9 99.6
30 wt % Fe@FeO/PI 484.3 99.9

Figure 8. Hysteresis loops of the as-received Fe@FeO nanoparticles and Fe@FeO/PI nanocomposite fibers with 30 wt % particle loading at room
temperature.
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fibers with a loading of 30%, respectively. The coercivity (Hc,
Oe) indicates the external applied magnetic field necessary to
return the material to a zero magnetization condition, and the
remnant magnetization (Mr) is the residue magnetization after
the applied field is reduced to zero. Both values can be read
from the axes crossing points, Figure 8 (inset figures). The
coercivity increases from 62.3 Oe for Fe@FeO nanoparticles
to 188.2 Oe after the nanoparticles are dispersed in the PI matrix.
This indicates that the Fe@FeO nanoparticles become magneti-
cally harder after being dispersed in the PI matrix within the
nanocomposite fibers. The enhanced coercivity of nanoparticles
is due to the decreased interparticle dipolar interaction, which
arises from the enlarged nanoparticle spacer distance for the
single domain nanoparticles,38,52,53 as compared to the closer
contact of the pure nanoparticles.

In this work, the shell thickness of the nanoparticles before
and after electrospinning is calculated according to the following
equation:

where r1 and r2 represent the radius of core (Fe) and Fe@FeO
nanoparticle, respectively. The schematic structure of the
nanoparticle is depicted in Figure 9. Ms(Fe) and Ms(FeO) are
saturated magnetization of bulk Fe and FeO with a reported
value of 218 emu/g for Fe54 and 47.4 emu/g for FeO.55 FFe and
FFeO are the densities of pure bulk iron and iron(II) oxide (FFe)
7.87 g/cm3; FFeO ) 5.70 g/cm3). Ms(Fe@FeO) is the measured
saturated magnetization value of the pure Fe@FeO nanopar-
ticles. Taking the average diameter of the nanoparticle as 20
nm, the radius of the core (r1) and shell (r2 - r1) is calculated
to be 13.2 and 6.8 nm, respectively. Theoretically, Ms for the
Fe@FeO/PI nanocomposite fibers with a particle loading of 30
wt % is 32.4 emu/g. However, the measured value is 30.6 emu/
g, which is slightly lower than the theoretical value. On the
basis of the measured Ms of the nanocomposites, the calculated
r1 and r2 are 12.7 and 7.3 nm, respectively. This indicates a
reduced core and an increased shell thickness, which is arising
from the further particle oxidation at extremely high voltages
during the electrospinning process.

4. Conclusion

Pure PI and Fe@FeO/PI nanocomposites fibers are produced
by electrospinning. The effects of polymer concentration,
acceleration voltage, and tip-to-collector distance on the mor-
phology and size distribution of the fibers are systematically
studied. Higher voltage is required for the fabrication of
nanocomposite fibers at high nanoparticle loadings owning to
the increased viscosity of the nanocomposite solutions. TGA
and DSC results indicate an enhanced thermal stability with an
increased glass transition (Tg) temperature of the nanocomposite
fibers as compared to that of the pure PI fibers. The nanoparticles

in the nanocomposites fibers become magnetically harder with
a significant increase of coercivity from 62.3 Oe (as-received
Fe@FeO nanoparticles) to 188.2 Oe. Meanwhile, an increase
of about 7.4% in the nanoparticle shell thickness is deduced
during the high-voltage electrospinning fiber fabrication process.
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