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ABSTRACT: Iron oxide nanoparticle coated poly(ethyl-
ene oxide) nanofibers as organic–inorganic hybrids with
200–400-nm diameters were prepared by the in situ synthe-
sis of iron oxide nanoparticles on poly(ethylene oxide)
nanofibers through the electrospinning of a poly(ethylene
oxide) solution having Fe2þ and Fe3þ ions in a gaseous am-
monia atmosphere. Transmission electron microscopy anal-
ysis proved the presence of iron oxide nanoparticles on the
polymer nanofibers. The thermal properties of the nano-
fiber mat were also studied with differential scanning calori-

metry and thermogravimetric analysis techniques. X-ray
diffraction showed that the formed iron oxide nanoparticles
were maghemite nanoparticles. The results were compared
with those of the electrospinning of a poly(ethylene oxide)
solution having Fe2þ and Fe3þ ions and a pure poly(ethyl-
ene oxide) solution in an air atmosphere. � 2007 Wiley Peri-
odicals, Inc. J Appl Polym Sci 105: 1351–1355, 2007
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INTRODUCTION

Electrospun nanofiber technology bridges the gap
between deterministic laws (Newton mechanics) and
probabilistic laws (quantum mechanics).1 Because
electrospun nanofibers with diameters within 100 nm
are closer in scale to the quantum world than to the
ordinary world, they frequently display quantum-like
properties and have many fascinating nanoeffects.1,2

Polymer, composite, and ceramic electrospun nano-
fibers with diameters as small as several tens of nano-
meters can be prepared by the electrospinning
method, which is remarkably simple, versatile, and
capable of producing nano- and microscale fibers in
large quantities.3 In electrospinning, a high electro-
static voltage is imposed on a drop of a polymer solu-
tion held by its surface tension at the end of a capil-
lary tube. The surface of the liquid is distorted into a
conical shape known as a Taylor cone.4 Once the volt-
age exceeds a critical value, the electrostatic force
overcomes the solution surface tension, and a stable
liquid jet is ejected from the cone tip. Unlike conven-
tional spinning, the jet is stable only near the tip of
the spinneret, after which the jet is subject to instabil-
ity (concluding axisymmetric and bending instabil-
ities).5,6 The solvent evaporates as the jet travels

through the air, leaving behind ultrafine polymeric
fibers collected on an electrically grounded target.
The jet often follows a bending or spiral track result-
ing from the interaction between the external electric
field and the surface charge of the jet. The jet instabil-
ities not only result in the electrospinning jet being
elongated up to ultrafine fibers but also lead to the
formation of randomly deposited nonwoven electro-
spun fiber mats. Electrospun mats have a larger spe-
cific surface area and small pore size in comparison
with commercial nonwoven fabrics. They are of inter-
est in a wide variety of potential applications, includ-
ing semipermeable and superhydrophobic mem-
branes, nanocomposites, filters, protective clothing,
coatings, conductive and semiconductive composites
and nanowires, separators or electrolytes in recharge-
able batteries, sensors, superparamagnetic and mag-
netic nanofibers, catalyses, nanocomposite films,
wound dressings, tissue engineering scaffolds, and
biosensing.7–16

It is also possible to produce functional polymer/
metal oxide composite nanofibers having optical, elec-
trical, or catalytic properties by the incorporation of
metal oxide nanoparticles into them through the elec-
trospinning process. Most of the reported manufac-
turing methods for polymer/metal oxide nanoparticle
composite nanofibers are based on the electrospin-
ning of a polymer solution blended with metal oxide
nanoparticles. For example, Wang and coworkers
produced superparamagnetic polymer nanofibers
(which can be used in potential applications such as
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magnetic filters,17 sensors,18 and future generations of
electronic, magnetic, and/or photonic devices used
for information storage, magnetic imaging, static and
low-frequency magnetic shielding, and magnetic
induction) by electrospinning poly(ethylene oxide)
(PEO) and poly(vinyl alcohol) solutions containing dis-
persed magnetic iron oxide nanoparticles.19 Another
way of preparing polymer/metal oxide composite
nanofibers is based on the electrospinning of a poly-
mer precursor having metal ions and the subsequent
posttreatment of the produced nanofibers. For exam-
ple, electrospinning a polymer solution containing a
TiO2 precursor and subsequently immersing the pro-
duced electrospun composite nanofibers in deionized
water led to the hydrolysis of the inorganic precursor
on the surface of the nanofibers and produced poly-
mer/titanium dioxide composite nanofibers.20

In this work, we are reporting a new method for
producing polymer/metal oxide composite electro-
spun nanofibers. Thus, polymer/iron oxide nanopar-
ticle nanofibers as organic–inorganic hybrids were
prepared by the in situ synthesis of iron oxide nano-
particles on PEO nanofibers via the reaction of the
traveling jet in electrospinning with an active atmos-
phere. Extensive characterization of the produced
nanofibers was carried out with transmission electron
microscopy (TEM), X-ray diffraction (XRD), differen-
tial scanning calorimetry (DSC), and thermogravimet-
ric analysis (TGA) techniques, and the results were
compared with those from electrospinning a PEO
solution having Fe2þ and Fe3þ ions and a pure PEO
solution in an air atmosphere.

EXPERIMENTAL

Materials

PEO with an average weight-average molecular
weight of 900,000 was purchased from Acros Organ-
ics Co. (Noisy LeGrand, France). FeCl3�6H2O,
FeSO4�7H2O, ammonium hydroxide (25%), and gase-
ous ammonia in a cylinder were purchased from
Merck Chemical Co. (Whitehouse Station, NJ). Dis-
tilled water was used in all the experiments.

Electrospinning

Iron oxide nanoparticle coated PEO nanofibers were
produced via an in situ electrospinning procedure

with the following method: The given amounts (in
Table I) of FeCl3�6H2O and FeSO4�7H2O were dis-
solved in 100 mL of distilled water, and then 5.0 g of
PEO was added to this solution, which was left for 2
nights to obtain a homogeneous polymer solution.
The polymer solution was put into a hypodermic
syringe. A syringe pump (supplied by Stoelting Co.,
Wood Dale, IL) was used to feed the polymer solution
into a metallic needle with an inner diameter of 0.7
mm. A grounded aluminum foil as a collector was
located at a fixed distance of 21 cm from the needle.
The metallic needle and the collector were enclosed in
a poly(methyl methacrylate) box (40 � 50 � 60 cm3).
The feed rate of the syringe pump was fixed at 1.1
mL/h. A positive potential of 17.5 kV was then
applied to the polymer solution with a high-voltage
power supplier (MH 100 series, supplied by HiTek
Power Co., Littlehampton, West Sussex, UK). During
electrospinning, gaseous ammonia (from a cylinder
purchased from Merck Chemical) was purged into
the box at a rate of 10 L/min. Electrospun nanofibers
were collected on the surface of the aluminum foil.
The recipe and the amounts of the materials used in
this experiment are shown in Table I (no. 1).

For comparison, the electrospinning of the afore-
mentioned PEO solution having iron ions (no. 2) and
a pure PEO solution in an air atmosphere (no. 3) was
also carried out in a way similar to that for no. 1,
excluding the box. The recipes and the amounts of
the materials used in these experiments are also given
in Table I. All electrospinning was performed under
room conditions at about 27–328C and 20–30%
humidity.

Characterization

A Zeiss CEM 902A (Oberkochen, Germany) transmis-
sion electron microscope with an accelerating voltage
of 80 kV was used to obtain information about the
morphology and size of the nanofibers. The electro-
spun nanofibers were directly deposited onto a cop-
per grid and then analyzed by the TEM technique.

The thermal properties of the electrospun fibers
were analyzed by TGA (model TGAQ50, TA Instru-
ments, New Castle, DE) at a heating rate of 208C/min
and by DSC (model DSCQ100, TA Instruments) at a
heating rate of 108C/min under inert Ar gas.

XRD patterns of the samples were recorded by a
Seifert XRD 3003 PTS diffractometer (GE Inspection

TABLE I
Recipes for the Electrospinning Methods

Experiment
FeCl3�6H2O

(g)
FeSO4�7H2O

(g)
PEO
(g) Atmosphere

Atmosphere gas
rate (L/min)

1 1.20 0.80 5.0 NH3 10
2 1.20 0.80 5.0 Air —
3 — — 5.0 Air —
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Technologies, Hurth, Germany); scans were made
from 5 to 908 (2y). The nanofiber mats were deposited
onto glass during electrospinning and then analyzed
by an XRD method.

RESULTS AND DISCUSSION

Three electrospinning reactions (nos. 1–3) were car-
ried out; a brown nanofiber mat was obtained in no.
1, a light brown nanofiber mat was obtained in no. 2,
and a white nanofiber mat was obtained in no. 3. A
comparison of the appearance of the mat obtained
from no. 1 with that of the other mats obtained from
nos. 2 and 3 suggested that the iron ions in the jet
traveling the distance between the needle and collec-
tor could precipitate in the gaseous ammonia atmos-
phere to produce iron oxide. To prove this hypothesis
and study the morphology and size of the produced
nanofibers, the electrospun nanofibers were analyzed
by the TEM technique. Figure 1 presents the TEM
image of nanofibers obtained from no. 1, and as it
shows, dark spots were dispersed heterogeneously on
the nanofibers as a shell. The TEM image of the nano-
fibers obtained from the electrospinning of the PEO
solution containing iron ions in an air atmosphere
(no. 2; Fig. 2) showed that there were homogeneous,
dark spots in the nanofibers in the experiment. A
comparison of these two images (Figs. 1 and 2) indi-
cates that in experiment no. 1, iron oxide nanopar-
ticles were heterogeneously synthesized on the nano-
fibers by the precipitation of iron ions in the ammonia
atmosphere (as it is well known, iron oxide nanopar-
ticles can be synthesized by the coprecipitation of
aqueous iron ions with a base such as ammonia),21,22

whereas in experiment no. 2, iron salt nanoparticles
were formed in the nanofibers during electrospinning
via solvent evaporation in this process. TEM analysis,
as shown in Figure 3, did not show either of these two
events for no. 3 (nanofibers obtained from the electro-
spinning of a pure PEO solution in an air atmosphere).
These TEM micrographs (Figs. 1–3) also show that the
produced nanofibers in the three experiments had di-
ameter ranges of about 200–400 nm.

The thermal properties of the nanofiber mats pro-
duced in the experiments (nos. 1–3) were analyzed by
DSC analysis to study the first-order transition of
melting and the crystallization of the nanofibers. Fig-
ure 4 summarizes DSC thermograms of the produced
nanofiber mats in nos. 1–3. Curves A, B, and C in Fig-
ure 4 are the DSC thermograms of the nanofiber mats
obtained from the electrospinning of a pure PEO solu-
tion (no. 3), a PEO solution having iron ions in an am-
monia atmosphere (no. 1), and a PEO solution having

Figure 1 TEM micrograph of nanofibers obtained in the
electrospinning of a PEO solution having iron ions in an
NH3 atmosphere (no. 1).

Figure 2 TEM micrograph of nanofibers obtained in the
electrospinning of a PEO solution having iron ions in an
air atmosphere (no. 2).

Figure 3 TEM micrograph of nanofibers obtained in the
electrospinning of a pure PEO solution (no. 3).
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iron ions in an air atmosphere (no. 2), respectively.
The presence of an intense melting peak in the DSC
thermograms indicates the semicrystalline products.
This figure shows that the melting point of the nano-
fibers in curve C (no. 2) is lower than that in curve B
(no. 1), and the melting point of the nanofibers in
curve B is lower than that in curve A (no. 3). This is a
result of the higher proportion of iron salts in the
nanofibers produced in no. 2 than in the nanofibers
produced in no. 1 due to the reaction of some of the
iron ions with the ammonia medium, which formed
iron oxide nanoparticles in no. 1 rather than iron salt
nanoparticles by the evaporation of the solvent
(water) during jet travel in the process. The propor-
tion of the iron salts in the nanofibers produced in
experiment no. 1 was also higher than that of the
pure PEO nanofibers produced in experiment no. 3.
The melting points of the products are listed in Table
II. From the DSC analyses, the crystallinity (Xc) per-
centages of the nanofiber mats (obtained in nos. 1–3)
were calculated with the following equation: Xc (%)
¼ (DHf/DHf

0) � 100, where DHf
0 is the heat of fusion

of completely crystalline PEO (213.7 J/g)23 and DHf is
the heat of fusion for the sample. The DHf and Xc val-
ues of the nanofiber mats are also presented in Table
II. As shown in Table II, all the nanofibers are semi-
crystalline, and the crystallinity of the nanofibers, like
the melting point, decreases with the increase in the
iron salt proportion. For comparison, the virgin PEO

powder used in this work was also analyzed by DSC
analysis, and the meting point, DHf, and Xc values are
also presented in Table II. A comparison of the melt-
ing point and Xc of the PEO powder with those of
pure PEO nanofibers (obtained in no. 3) shows that
the melting point is constant but Xc is significantly
reduced in the nanofiber production process (see
Table II).

The thermal properties of the nanofiber mats pro-
duced in the experiments (nos. 1–3) were also ana-
lyzed by TGA. Figure 5 presents the TGA thermo-
grams of the nanofiber mats. Curves A, B, and C in
Figure 5 are TGA plots of nanofiber mats obtained in
experiments nos. 3, 1, and 2, respectively. As curve A
in this figure (TGA thermogram of the no. 3 nanofib-
ers) shows, the pure PEO nanofiber mat is decom-
posed at 3528C, whereas curves B and C (the TGA
thermograms of nos. 1 and 2, respectively) show the
first weight loss after 1008C due to the loss of the
hydrated water of the hydrated iron salts in the nano-
fibers and the second weight loss at about 2508C due
to the decomposition of the polymer chain in the
presence of the salt nanoparticles and the iron oxide
nanoparticles, which accelerate the decomposition of
PEO. TGA of the nanofibers produced in nos. 1 and 2
(Fig. 5) also shows a residue (at ca. 16%), which is
remarkable in comparison with the pure PEO nano-
fiber, which shows a small residue (at ca. 2.5%) at
5008C. The virgin PEO powder was also analyzed by
TGA, and it showed that its results were similar to
those of pure PEO nanofibers (obtained in no. 3).

The XRD patterns of the nanofibers obtained from
the experiments (nos. 1–3) are given in Figure 6. An
initial conclusion could be that the patterns in this fig-
ure are different. The two strong peaks appearing at
2y values of about 19 and 238 in Figure 6(a) (pure
PEO nanofibers obtained from no. 3) are assigned to
crystalline PEO.24 The intensities of these peaks were
significantly reduced in the product of the electro-

Figure 4 DSC thermographs of the nanofiber mats pro-
duced in the experiments: (A) no. 3, (B) no. 1, and (C) no. 2.

TABLE II
Melting Points, DHf Values, and Xc Values of the
Produced Nanofibers and Virgin PEO Powder

Experiment Melting point (8C) DHf (J/g) Xc (%)

1 54.2 110.6 51.75
2 49.1 86.8 40.62
3 60.1 130.8 61.21
Powder PEO 60.5 166.0 77.68 Figure 5 TGA thermographs of the nanofiber mats pro-

duced in the experiments: (A) no. 3, (B) no. 1, and (C) no. 2.
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spinning of the PEO solution having iron salts in an
air atmosphere (no. 2), as shown in Figure 6(b). This
point indicates the reduction of the PEO crystallinity,
which was quantitatively studied by DSC analysis, as
previously mentioned. The XRD pattern of the prod-
uct obtained in no. 1 [Fig. 6(c)] displays some peaks
at 2y values of 31.1, 36.5, 58.7, and 63.88, which are
related to maghemite (g-Fe2O3) lattice forms corre-
sponding to scattering forms of (2 2 0), (3 1 1), (5 1 1),
and (4 4 0), respectively,25 which are not present in
Figure 6(b) (the product obtained in the electrospin-
ning of a PEO solution having iron ions in an air
atmosphere, i.e., no. 2).

CONCLUSIONS

Iron oxide nanoparticle coated PEO nanofibers were
prepared by the in situ synthesis of iron oxide nano-
particles as organic–inorganic hybrids on PEO nano-
fibers through the electrospinning of a solution of
PEO having Fe2þ and Fe3þ ions in a gaseous ammonia
atmosphere. TEM showed the polymer nanofibers to
be 200–400 nm in diameter, and it also proved the
presence of the nanoparticles on the polymer electro-

spun nanofibers. DSC analysis showed that Xc of the
PEO nanofibers diminished in the presence of iron
salt nanoparticles. XRD analysis showed that the
nanoparticles that formed on the nanofibers were g-
Fe2O3 nanoparticles. This work shows that a traveling
polymer jet in electrospinning can react with an active
atmosphere, and this procedure has potential implica-
tions for the easy production of organic–inorganic
hybrid nanofibers and nanostructures that can be
used in several useful applications.

The authors express their special gratitude to Madani for
his painstaking aid in the laboratory, Hashemi for obtain-
ing transmission electron micrographs in the Laboratory of
Electronic Microscopy at the University College of Science
of the University of Tehran, and Norouzi.
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Figure 6 XRD patterns of the nanofiber mats produced in
the experiments: (a) no. 3, (b) no. 2, and (c) no. 1.
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