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Magnetic nanoparticles (MNPs) were synthesized from facile thermodecomposition of iron penta-
carbonyl and the subsequent silica coating on the MNP surface was achieved via a modified Stöber
process to obtain the coreeshell composite structured particles (MNPs-SiO2). MNPs-SiO2 were then
incorporated into polyvinylpyrrolidone (PVP) to form nanocomposite fibers via an electrospinning
process with optimized operational parameters such as polymer concentration, applied electrical
voltage, feed rate and tip-to-collector distance. All these parameters show an unusual effect on the
produced fiber diameter. Contrary to the conventional observation, i.e., increasing the applied voltage
and feed rate or decreasing the distance could increase the fiber diameter; a reduced average fiber
diameter was observed in this study and could be explained from the stretching and contraction force
balance within the fiber during electrospinning. The size of the resulting PVP fibers is correlated to the
corresponding rheological behaviors of the PVP solutions with different concentrations. The MNPs-SiO2/
PVP nanocomposite fibers exhibit a similar thermal decomposition temperature (386.3 �C) as that
(387.8 �C) of pure PVP. Meanwhile, unique fluorescent and magnetic properties have been incorporated
simultaneously in the nanocomposite fibers with the addition of small amount of MNPs-SiO2

nanoparticles.
� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polymeric nanofiber materials exhibit excellent characteristics
such as large surface area to volume ratio, flexible surface func-
tionality, and superior mechanical performances compared with
other known forms of materials [1]. A number of processing tech-
niques including melt fibrillation [2], nanolithography [3], template
synthesis [4,5], self assembly [6,7], interfacial polymerization [8],
and electrospinning [9e13], have been used to prepare polymeric
nanofibers in recent years. Among these techniques, electro-
spinning has attracted much interest recently owing to its
comparatively low manufacturing cost and high production for
obtaining polymeric micro and nanofibers in large scale as
ei), zhanhu.guo@lamar.edu
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compared to other technologies. Electrospun fibers, especially in
the nanoscale size, have found wide applications in various fields.
For example, electrospun nanofibers with high porosity and large
surface-to-volume ratio have been used as membranes for gas
separation, protein purification and waste water treatment
[14e16]. However, the limited functionalities of pure polymer
fibers limited their further development due to the versatile
requirements in the practical applications.

Recently, polymer blend and polymer/inorganic hybrid struc-
tures have been developed into multifunctional nanocomposite
fibers for chemical and biological applications [11,17,18]. For
example, luminescent CaMoO4: Ln3þ (Ln ¼ Eu, Tb, Dy) nanofibers
were produced via Electrospinning Process [19]. Inorganic quantum
dots (QDs) have beenwidely studied for their long-term stability of
fluorescence. Fluorescent nanofibers were also produced via
introducing small amount of QDs into the polymer fibers [10,11].
Magnetic polymer nanocomposites (PNCs) have been intensely
investigated due to their potential applications in data storage [20],
magnetic sensors [21] and even environmental remediation [22].
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Magnetic fibrous composites were expected to acquire more
advanced properties due to the larger specific surface area and
superior mechanical strength. Therefore, magnetic polyimide and
polyacrylonitrile nanocomposite fibers incorporating Fe@FeO
nanoparticles (NPs) have been successfully fabricated recently
[9,23]. In addition, hollow and coreeshell structured fibers could be
fabricated from electrospinning process [24,25]. One more impor-
tant application of the electrospinning technique is to fabricate
ceramic nanofibers. In brief, polymer solution blending with inor-
ganic precursors was electrospun into composite fibers, which
were subsequently converted into inorganic fibers via calcination in
air. The size could be controlled in the range of sub-micron and
nanometer by varying a number of parameters including the ratio
of polymer to inorganic precursor, their concentrations in the
solvent, the strength of the electric field, and the feed rate(FR) of
the mixture solution. In such a case, various inorganic nano-
structures have been produced including nickel cobaltite [26],
cobalt oxide [27], nickel titanate [28], titanium oxide [29], and zinc
oxide [30].

With the ever-increasing concern of the environmental risks,
non-toxic chemicals are receiving much more attention in recent
years. Therefore, water soluble polymers such as PVP, poly (vinyl
alcohol) (PVA) and poly(ethylene oxide) (PEO) are widely investi-
gated in last decades. Especially PVP, which can be used as
a pigment dispersant, bonding agent, suspension stabilizer, has
been studied on fabrication of its nanocomposites [29,31,32]. In
order to improve the performance of the composites, the interfacial
interaction between the polymer matrix and the inorganic fillers
has to be considered. For magnetic nanoparticles (MNPs),
numerous technical applications require magnetic particles
embedded in a nonmagnetic matrix or coated with a uniform
nonmagnetic layer [33]. Polymer (including surfactant), carbon,
silica are the most used coating materials for stabilizing the NPs.
Encapsulating magnetic particles with silica is a promising and
important approach in the development of magnetic materials for
biomedical applications [34,35]. In addition, the great advantages
such as chemical inertness, biocompatibility, magnetic and fluo-
rescent properties promise the MNPs-SiO2 coreeshell structure
a prosperous future in biology related applications. Especially, once
these merits combined together with non-woven fabrics, these
materials would find wide applications in tissue engineering,
protein separation and cellular imaging [36,37]. Until now, rarely
related research work has been reported on fabricating magnetic
and fluorescent nanocomposite fibers.

In this work, magnetic nanoparticles coated with silica (MNPs-
SiO2) have been synthesized using a modified Stöber process. Pure
PVP and MNPs-SiO2/PVP nanofibers are fabricated via an electro-
spinning process. The effects of polymer concentration, applied
electrical voltage, tip-to-collector distance and FR on the fiber
morphology and size distribution are systematically studied. A
relationship between precursor solution viscosity and fiber
morphology has also been established. The thermal stability,
magnetic and optical properties of these composite fibers are
investigated in this work.

2. Experimental

2.1. Materials

Poly(p-phenylene vinylene) (PVP, molecular weight: w40,000)
and iron(0) pentacarbonyl (iron carbonyl, Fe(CO)5, 99%) were
purchased from SigmaeAldrich. 3-aminopropyltriethoxysilane
(APTES, purity: 99%, SigmaeAldrich) was used as primers to
promote the deposition and adhesion of silica on MNPs. Tetraethyl
orthosilicate (TEOS) with a purity of 99þ% was commercially
obtained from Alfa Aesar. Ammonia (28%, lab grade), ethanol (99%),
and N,N-Dimethylformamide (DMF, 99.5%) were purchased from
Fisher scientific. All the chemicals were used as received without
any further treatment.

2.2. Synthesis of coreeshell nanoparticles

The MNPs were prepared following a modified thermode-
composition method [38]. Typically, 5.0 g Fe(CO)5 and 0.5 g APTES
were added to 100mL DMF. APTES was used as surfactant to control
the particle dispersion and at the same time served as a primer for
further SiO2 coating. Then, the mixture was heated and refluxed for
4 h. The mixture solution turned from yellow to black gradually
during the refluxing process, indicating the formation of the NPs.
After that, the magnetic NPs were attracted by a permanent magnet
and dried in vacuum oven at 80 �C over night. The silica coating was
processed following thewell-knownStöberprocess [39]. Specifically,
1.0 g dried NPswere ultrasonically dispersed in 100.0mL ethanol for
30 min at room temperature. Then, the suspension was vigorously
stirred at 500 rpm, and TEOS (2.0 mL) was rapidly injected into the
suspension. Then, ammonia (16.0 mL) was added to the suspension
by dropping slowly. The mechanical stirring was continued for 5 h,
and then the particles were separated using a magnet. The particles
werewashedwithethanol andDIwater three timesandthendried in
a vacuum oven overnight at room temperature.

2.3. Preparation of PVP and nanocomposite fibers

The PVP aqueous solutions with PVP loadings from 10.0 to
55.0 wt% were prepared by magnetic stirring overnight to
completely dissolve polymer at room temperature. Nanocomposite
solutions were prepared from 50.0 wt% PVP/H2O solution.
Coreeshell magnetic nanoparticles (MNPs-SiO2) with a loading of
3.0 wt% (calculate based on the total mass of PVP and MNPs-SiO2)
was weighed in a beaker, and then the specific amount of 50.0 wt%
PVP/H2O solution was added. After completely wetting the NPs
with the polymer solution overnight, mechanical stirring (400 rpm,
4.5 h) was performed to disperse the NPs in the PVP aqueous
solution. Both pure polymer and MNPs-SiO2/PVP nanocomposite
solutions were used for electrospinning.

Pure PVP and MNPs-SiO2/PVP nanocomposite fibers were
prepared by electrospinning at room temperature. The viscous
polymer solutions were loaded in a 10 mL syringe equipped with
a 0.70 mm (inner diameter) stainless steel gauge needle, which was
connected to a high voltage power supply (Gamma High Voltage
Research, Product HV power supply, Model No. ES3UP-5w/DAM)
with the capability to provide a DC voltage up to 30 kV. The
grounded counter electrode was a flat aluminum foil. The solution
was constantly and continuously supplied using a syringe pump
(NE-300, New Era Pump System, Inc). Various feed rates (FRs) were
studied from 0.24 tow2.0 mL/min and the optimal FRwas chosen at
2.0 mL/min based on the experimental observations. The applied
voltage in this work was adjusted from 10 to 25 kV. The external
electrical field applied to the polymer solution through the positive
electrode was able to overcome the surface tension of the solutions
and form polymer jets, which formed fibers on the aluminum foil
after solvent evaporation. The fibers were dried at 80 �C in
a vacuum oven and stored for further characterization.

2.4. Characterization

The rheological behaviors of the pure PVP and its nano-
composite aqueous solutions were investigated with an AR 2000ex
Rheometer (TA Instrumental Company) at a shear rate ranging from
1 to 700 1/s at 25 �C. A series of measurements were performed in
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a cone-and-plate geometry with a diameter of 40 mm and a trun-
cation of 66 mm.

Fourier transform infrared spectroscopy (FT-IR, Bruker Inc. Vector
22 FT-IR spectrometer, coupled with an ATR accessory) was used to
characterize the pure PVP fibers, coreeshell NPs and the corre-
sponding nanocomposite fibers in the range of 500e4000 cm�1 at
a resolution of 4 cm�1.

The thermal stability of PVP and its nanocomposite fibers was
studied using thermogravimetric analysis (TGA Q-500, TA Instru-
ments). TGAwas conducted from 25 to 600 �C with a nitrogen flow
rate of 60 mL/min and a heating rate of 10 �C/min.

The coreeshell structure of the NPs was characterized by
transmission electron microscopy (TEM). The morphology of the
pure PVP and MNPs-SiO2/PVP nanocomposite fibers was evaluated
using scanning electron microscopy (Hitachi S-3400 scanning
electron microscopy) and further examined in a fluorescent
microscopy. The fiber samples were prepared by immobilizing the
fibers on a glass slide. A cover glass was placed on the slide with
a drop of water and sealed. The slides were visualized under
different objectives of an Olympus BX51 fluorescence microscope.
Images were obtained using Olympus DP72 camera accompanied
with Olympus CellSens software.

The Mössbauer spectrometer was set to produce a high preci-
sion Doppler velocity modulation of the source g radiation. The
effects of the Doppler velocity modulation on the absorption of g
radiation were recorded synchronously in the 1024 channels of the
multichannel analyzer. The result was 1024 numbers representing
registered gamma quanta (representing a singular quantum)
passing through the absorber under the condition of different
Fig. 1. TEM microstructure of (a) MNPs-SiO2 coreeshell nanoparticles,
Doppler velocity. The shape of the absorption spectrum was fitted
to a theoretical model line shape, which was a superposition of
singlets, doublets and sextets (57Fe case) of a Lorentzian form. This
was donewith the aid of specialized computer programs. The result
was investigated by chi 2 criterion and the theoretical line shape is
tailored to fit experimental spectrum by the adjustment of spectral
parameters like isomer shift, quadrupole splitting, hyperfine
magnetic field and etc.

The magnetic properties of the MNPs-SiO2 NPs and MNPs-SiO2/
PVP nanocomposite fibers at room temperature were carried out in
a 9 T physical properties measurement system (PPMS) by Quantum
Design.

3. Results and discussion

3.1. Microstructure of MNPs-SiO2 nanocomposites

Fig. 1(a) shows the microstructure of the MNPs-SiO2 coreeshell
NPs. Spherical particles are observed with a typical diameter
ranging from 0.57 to 0.73 mm (average: 0.64 mm). The silica shell
thickness is estimated to be 30e40 nm as revealed by the high
resolution TEM, inset of Fig. 1(a). Energy-filtered TEM (EFTEM) is
conducted on the sample to clarify the specific component of the
coreeshell structure. Elemental maps of iron, oxygen, silicon, are
shown in Fig. 1(b), (c) and (d), respectively. The EFTEM mapping
provides a 2-dimensional elemental distribution. A brighter area in
the elemental map indicates a higher concentration of the corre-
sponding element in that area. They are shown in different colors
(in web version), for the purpose to identify their positions within
and its corresponding (b) Fe, (c) O and (d) Si elemental mappings.
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the particles. Fig. 1(b) depicts the iron map showing the bright iron
core. The oxygenmap, Fig. 1(c), shows that the oxygen areas occupy
the iron core area and its peripheral areas are even brighter, indi-
cating that the core areas have lower O and peripheral areas have
higher O. With regard to the silicon mapping, Fig. 1(d), the bright
circles with narrow thickness reveal that the silicon element
majorly distributes at the outside of the NPs. The silicon distribution
inside the bright circle shows a similar pattern as compared to the
oxygen mapping, indicating a complete silica coverage on the
particle surface. However, all these electron microscopy evidences
are still not able to identify the specific composition and crystalline
structure of the magnetic core. Mössbauer spectrum is a very useful
tool to identify the different states of elements. The room temper-
ature Mössbauer spectra of the MNPs-SiO2 particles show a para-
magnetic doublet in the center, Fig. 2. The fitting results show
a main component at isomer shift (IS) ¼ 0.24 mm/s and corre-
spondent HI ¼ 156 kOe, which represent a 78% distorted nano-
cementite (Fe3C). The secondary component (17%) with
IS¼ 0.35mm/s, and quadrupole splitting (QS)¼ 0.90mm/s,which is
Fe3þ in a paramagnetic state in the distorted oxygen octahedral site.
The paramagnetic doublet observed in the center of the Mössbauer
spectrum corresponds to the superparamagnetic behavior of Fe2O3
at room temperature [40]. The third component (5%) with
IS ¼ 0.90 mm/s, QS ¼ 1.85 mm/s, which is Fe2þ in distorted envi-
ronment. All these results confirm a magnetic iron compound core
(Fe3C, Fe2O3, FeO) covered with an amorphous silica shell.

3.2. Electrospum nanofibers

3.2.1. Polymer concentration effect
The electrospinning is a complex process that can be affected by

various operational conditions, such as polymer concentration
(viscosity) [41,42], spinning atmosphere [43], feed rate, applied
electrical voltage and tip-to-target distance [44]. Polymer solution
has the most significant influence on the electrospinning process
and the resultant fiber morphology. Viscosity and electrical prop-
erties of the polymer solution determine the extent of elongation of
the solution and have an effect on the diameter of the resultant
fibers. Polymer solution viscosity is determined by the degree of
polymer chain entanglement, which is related to the molecular
weight of polymer chains and the polymer concentration in solu-
tion. The surface tension of the solution and the electrostatic force
Fig. 2. Mössbauer spectra of the co
should be balanced to obtain the stable jets in order for the fiber
formation. Once the applied voltage exceeds the critical voltage, the
stable jets of liquid will get 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 solutions with a PVP loading lower than
40 wt%, which only shows a viscosity less than 1.0 within the shear
rate range of 1e700 1/s, Fig. S1. At 40 wt% PVP/H2O, spherical
particles and beads along the fibers are observed on the collection
target, Fig. 3(a), which could be classified as an electrospraying
process [45,46]. In this case, the higher amount of solventmolecules
and fewer chain entanglements indicate that the surface tension
has a dominant influence along the electrospinning jet causing
beads to form along the fibers. The further increase of polymer
concentration results in greater polymer chain entanglements
within the solution,which is necessary tomaintain the continuity of
the jet during electrospinning. In addition, the charges on the
electrospinning jet will be able to fully stretch the solutionwith the
solvent molecules distributed among the polymer chains. There-
fore, the jet, without breaking up due to the cohesive nature of the
high viscosity, travels to and finally forms the fibers on the col-
lecting grounded electrode, Fig. 3(c and d) with PVP concentrations
of 45.0 and 50.0 wt%, respectively. The formed fibers are uniform
without any beads. Some other literature reported electrospun PVP
nanofiber using 6% (w/v) PVP/ethanol solution [47], while the
molecular weight of PVP is significantly higher as 1,300,000 g/mol.

A relationship between PVP concentration and solution viscosity
is plotted in Fig. 4. The viscosity increases slightly with increasing
PVP concentration until a noticeable change is observed at the
concentration of 35.0 wt%. After that, the viscosity increases sharply
with further increasing PVP concentration. The log plotmode of the
viscosity as a function of PVP concentration is also plotted as inset of
Fig. 4, which shows a linear relationship with PVP concentration.
Four regions, as marked with different colored square columns and
symbols in Fig. 4, could be divided on the X-axis according to the
morphology of the products. From 10.0 to 35.0 wt%, marked with
symbol “�”, the PVP solutions are not able to be electrospun to any
shape of products due to the extremely low viscosity. “A” indicates
the electrospraying region, the products are mostly spherical
particles with a few fibers. “AD” region means the transition from
particle to fiber, where fiber morphology dominates but still some
beads exist along the fiber. After that, the morphology of products
goes to smooth fiber region as marked “D” symbol. This diagram
reeshell MNPs-SiO2 particles.



Fig. 3. SEM microstructures of PVP from PVP/H2O solutions with a PVP concentration of: (a) 40.0, (b) 45.0, (c) 50.0 and (d) 55.0 wt% (V ¼ 20.0 kV, L ¼ 10.0 cm, FR ¼ 2.0 mL/min).
V: applying voltage, L: tip-to-collector distance, FR: feed rate of the polymer solution.
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could be used to predict the product morphology from an electro-
spinning process once the solution viscosity is determined.

3.2.2. Tip-to-collector distance effects
Varying the tip-to-collector distance actually changes the flight

time and the electric field strength, which directly affect the elec-
trospinning process and resultant fiber morphology. All the fibers
Fig. 4. A relationship between PVP concentration and viscosity. Four square columns
with different colors indicate the polymer concentration range that produces samples
with different morphologies, the upper limit of y axis is not specified. �means not able
to get any products from these solutions, A indicates spherical products were ob-
tained from an electrospraying process, AD represents the fibrous products with
beads, D means pure fibrous products were collected from an electrospinning process.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
produced from different conditions are observed to be separate
from each other, Fig. 5, indicating the flight time is enough for water
evaporation. The distance affects the final products in different
ways depending on the polymer solution property. Upon reducing
the tip-to-collector distance, increased [43,48], decreased [49] and
constant [50] fiber diameter has been reported in previous litera-
ture, respectively. In most cases, decreasing the distance has the
same effect as increasing the voltage that generates an electric filed
of higher intensity. Therefore, the jet would be sufficiently
stretched in the stronger electric field and thus thinner fibers were
obtained [48]. However, in this work, the pure PVP fibers follow an
opposite rule that the fibers became thicker with decreasing the
distance, which is 0.66, 0.73 and 0.77 mmwith the distance of 20.0,
15.0 and 10.0 cm, respectively at the voltage of 20.0 kV and FR of
2.0 mL/min, Fig. 5(aec). This phenomenon could be attributed to the
significantly lower molecular weight of PVP as compared to most of
the polymers used for electrospinning. In addition, the shorter
elongation time arising from the reduced distance also contributes
to the thicker fibers. As well-known, both intra-molecular and
inter-molecular entanglements contribute to the increase of solu-
tion viscosity [51]. In such a low molecular weight PVP solution
with high concentration (50.0 wt%), the inter-molecular entangle-
ment between polymer chains majorly contributes to the high
solution viscosity. Therefore, the stretching of the jet is basically the
extension of the entanglement at the joints rather than the polymer
chain stretching which is prominent in most of the high molecular
weight polymers [52,53]. This kind of extension is recoverable due
to the elastic nature of the entanglement between polymer chains.
In addition, the larger stretching force (stronger electric field) at the
initial stage, the more intense recovery force would show at lower
field which leads to an increase of the fiber diameter. This could
explain the increased fiber diameter with decreasing distance.
However, the force balance within the nanocomposite jets during
electrospinning is much more complex due to the addition of NPs.
The diameter of the composite fibers is almost maintained at
about 0.80 mm with decreasing distance from 20.0 to 15.0 cm,



Fig. 5. SEM images of pure PVP (aec) and MNPs-SiO2/PVP nanocomposite (def) fibers produced at a tip-to-collector distance of: (a, d) V ¼ 20 kV, L ¼ 10 cm, FR ¼ 2 mL/min, (b, e)
V ¼ 20 kV, L ¼ 15 cm, FR ¼ 2 mL/min, (c, f) V ¼ 20 kV, L ¼ 20 cm, FR ¼ 2 mL/min.
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Fig. 5(d and e). With further decreasing the distance to 10.0 cm, the
fiber diameter surprisingly decreases to 0.74 mm (Fig. 5(f)), which
behaves like most of the polymers due to the restricted recovery
process with the existence of the NPs.

3.2.3. Voltage effects
Voltage is a crucial element in electrospinning. The polymer

solution will be charged by the high voltage and initiated for an
electrospinning process when the electrostatic force in the solution
Fig. 6. SEM images of pure PVP (aee) and MNPs-SiO2/PVP nanocomposite (feh) fibers produ
L ¼ 15 cm, FR ¼ 2 mL/min, (d, e, h) V ¼ 25 kV, L ¼ 15 cm, FR ¼ 2 mL/min.
overcomes the surface tension. High voltage is able to generate
more charges to the solution or droplet surface located at the tip of
the needle (greater 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
[54,55]. Furthermore, increasing voltage causes the drawing rate of
polymer solution from the capillary tip exceeds the supplying rate
of the solution to the tip needed to maintain the conical shape of
the surface. As a result, the produced fibers are more stretched and
ced at different voltages: (a, f) V ¼ 10 kV, L ¼ 15 cm, FR ¼ 2 mL/min, (b, c, g) V ¼ 15 kV,



Fig. 7. SEM images of pure PVP fibers produced at different FRs: (a, b) V ¼ 20.0 kV, L ¼ 15.0 cm, FR ¼ 0.24 mL/min, (c) V ¼ 20.0 kV, L ¼ 15.0 cm, FR ¼ 0.48 mL/min, (d) V ¼ 20.0 kV,
L ¼ 15.0 cm, FR ¼ 1.0 mL/min, and (e) V ¼ 20.0 kV, L ¼ 15.0 cm, FR ¼ 2.0 mL/min.
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become thinner in most cases. In current work, increasing
the voltage from 10.0 to 15.0 kV reduces the PVP fiber diameter
slightly as expected, Fig. 6(aec). However, further increasing the
voltage to 25.0 kV does not help to produce thinner fibers. On
Fig. 8. SEM images of MNPs-SiO2/PVP fibers produced at different FRs: (a) V ¼ 20.0 kV, L ¼ 15
L ¼ 15.0 cm, FR ¼ 1.0 mL/min, and (d) V ¼ 20.0 kV, L ¼ 15.0 cm, FR ¼ 2.0 mL/min.
the contrary, the diameter of pure PVP fibers decreases from 0.77
to 0.66 mm, Fig. 6(bee). The similar phenomenon is also observed
in the composite fibers where the fiber diameter increases from
0.77 to 0.86 mm with increasing voltage from 15.0 to 25.0 kV,
.0 cm, FR ¼ 0.24 mL/min, (b) V ¼ 20.0 kV, L ¼ 15.0 cm, FR ¼ 0.48 mL/min, (c) V ¼ 20.0 kV,



Fig. 10. FT-IR spectra of a (a) MNPs-SiO2 nanoparticles, (b) Pure PVP and (c) MNPs-
SiO2/PVP nanocomposites.
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Fig. 6(g and h). Not only the diameter, but also the fiber pattern
could be affected by the voltage. At relatively lower voltage of 10.0
and 15.0 kV, the PVP fibers are straightly patterned. At the high
voltage of 25 kV, the fibers became curvy and the formation of
a loop was observed due to the excessively increased voltage to
break the ideal balloon, which was also observed in polyvinyl
alcohol (PVA) fibers [49]. In composite fibers, the loop appeared at
lower voltage of 15 kV (Fig. 6(g)) than that (25 kV) of pure PVP,
indicating that the charge up-taking capacity is significantly
enhanced by incorporating small amount of NPs. These results are
consistent with the observations from changing tip-to-collector
distance, because decreasing the distance is always accompanied
with the increase of electric field while keeping the voltage
unchanged.

3.2.4. Feed rate effects
Feed rate is an important factor to determine the fiber diameter

in electrospinning process. In most cases, the fiber diameter
increases with increasing FR [51]. However, there is a limit to the
increase of fiber diameter due to the increased charges when the-
feed rate is increased. In this work, the fiber diameter is surprisingly
decreased with increasing FR. Fig. 7 shows the pure PVP fibers
electrospun at a constant voltage of 20.0 kV and distance of 15.0 cm
with different FRs ranging from 0.24 to 2.0 mL/min. With increasing
FR, the diameter of pure PVP fibers decreases from 1.04 to 0.68 mm
continuously. The average diameter of the fibers with a standard
deviation is summarized in Fig. 9. All the fibers show a smooth
surface with curving nature and the fiber size is more uniform
producing from lower FR of 0.24 and 0.48 mL/min. At the FR of 1.0
and 2.0 mL/min, the fibers are observed nonuniformly distributed
and the size of the thicker fibers could be three times larger than
the thinner fibers, Fig. 7(d and e), which is probably due to the fiber
splaying phenomenon that is also observed in our previous work
[23]. This unique phenomenon, different from a conventional
sense, could be attributed to the used smaller molecular weight of
the PVP. With a higher FR, the greater volume of solution drawn
from the needle tip allows less fiber stretching in the electrical field.
Therefore, larger fiber diameter was observed in most of the
reports. However, the intense recovery force arising from the inter-
molecular polymer chain stretching would behave like a stretched
“spring” which tends to contract along the fiber direction and
Fig. 9. The diameter distribution of the PVP and MNPs-SiO2/PVP fibers electrospun
from different conditions. (Solid symbols: pure PVP fiber, hollow symbols: MNPs-SiO2/
PVP fibers).
results in an increase in fiber diameter. Without a significant
recovery force in the fiber arising from the inter-molecular inter-
action, the fibers would increase as commonly expected.

Fig. 8 shows the morphology of the MNPs-SiO2/PVP composite
fibers producing from different FRs ranging from 0.24 to 2.0 mL/
min. The fiber size distribution is observed to be more uniform
than that of pure PVP and the smooth surface of the fiber indicates
that the particles are well distributed without agglomeration. The
hydrophilic surface of the silica shell and the hydrophilic polymer
chains allow an excellent compatibility at the interface of these
two-phase materials without surface modification. The specific
size of the fiber diameter is summarized in Fig. 9. It is observed
that the diameter of the composite fiber is less related to the FR
due to the existence of the MNPs-SiO2 NPs, which restricted the
extension and contraction of the polymer chains during electro-
spinning process. In addition, the average size of the composite
fibers is apparently smaller than that of pure PVP with a same
electrospinning condition.
Fig. 11. TGA curve of the MNPs-SiO2 nanoparticle, pure PVP and MNPs-SiO2/PVP
nanocomposites.



Fig. 12. Magnetic hysteresis loops of the electrospun PNC fibers at room temperature.
Inset shows the magnetic hysteresis loops of MNPs-SiO2 particles.
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3.3. FT-IR analysis

Fig. 10 shows the FT-IR spectra of the (a) MNPs-SiO2 coreeshell
particles, (b) pure PVP fibers and (c) MNPs-SiO2/PVP composite
fibers. The bands at 1077 cm�1 is assigned to the asymmetric
stretching of SieOeSi bond of silica [56,57]. And the peak at
788 cm�1 on curve (a) is attributed to the symmetric stretching of
SieOeSi bond after annealing [58]. A relatively weak band at
932 cm�1 indicates the SieOH stretching on the particle surface.
These results indicate that SiO2 is immobilized on the MNPs
surface. For the pure PVP fibers, the broad peaks of
3300e3500 cm�1 come from the water absorption and the bands
spanning form 2951 to 2875 cm�1 are attributed to the stretching
of CH2 or CH. The peaks of 1425 cm�1 and 1462 cm�1 are
Fig. 13. (a) Bright field fluorescent microscopy images of (a) PVP, and (b) MNPs-SiO2/P
assigned to the CH2 deformation and CH2 bending, respectively.
The key identification peaks of PVP, C]O and CeN stretching, are
appeared at 1648 and 1284 cm�1, respectively. As compared to pure
PVP, the composite fibers show an intensified peak at 1077 cm�1,
which indicates that the coreeshell particles have been successfully
incorporated in the PVP fiber structure. The relatively low intensity
of this peak in the composite fibers is due to the low loading of the
coreeshell particles.

3.4. Thermal analysis

The thermal stability of the composite fibers has been charac-
terized with thermal gravimetric analysis (TGA), taking the MNPs-
SiO2 particles and pure PVP as comparison. The results were pre-
sented in Fig. 11. The pure PVP exhibits a significant initial weight
loss before 100 �C due to the desorption of the adsorbed water in
PVP. The second significant weight loss, occurred at the tempera-
ture range of 350e470 �C, accounts for the decomposition of PVP.
The MNPs-SiO2 NPs exhibit a slow weight loss with about 5.0 wt
% from room temperature to 450 �C due to the release of
moisture arising from the dehydration reaction from TEOS to
silica. After that, the degradation curve goes up slightly with
a weight uptake of 3.5% until the temperature reaches 600 �C. As
for the composite fibers, the water desorption is even faster and
the degradation of PVP starts at slightly lower temperature than
that of pure PVP. The lower degradation temperature of the
composite fibers is attributed to the low molecular weight PVP
and relatively larger particle size (>500 nm). The particles
interrupt the polymer chainechain interaction and thus the
chains are easy to degrade during heating. However, the composite
fibers are thermally stable with the temperature upto 300 �C. The
final residue of the PVP is 4.0 wt% due to the carbonization of
polymers in inert atmosphere and the composite shows higher
residue of 6.4 wt% due to the undegradable particles. The slight
difference of 0.6 wt% in final residue (2.4 wt%) than that of the
original loading (3.0 wt%) is due to the weight loss from TEOS to
silica.
VP nanocomposite fibers, (c) and (d) are their corresponding images in dark field.
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3.5. Magnetic and fluorescent properties

Fig. 12 shows the room temperature magnetic hysteresis loop of
the nanocomposite fibers and the inset shows the magnetic
hysteresis loop of the pure MNPs-SiO2 particles. 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-synthesized MNPs-SiO2 NPs and MNPs-
SiO2/PVP nanocomposite fibers are observed to reach at a relatively
high magnetic field. Ms is 49.30 and 0.53 emu/g for the as-
synthesized MNPs-SiO2 NPs and its nanocomposite fibers with
a loading of 3.0 wt%, respectively. The large magnetization of the
NPs is mainly coming from the nanocementite (78% Fe3C, for bulk
Fe3C, the saturatedmagnetization is 130 emu/g [59]) in theMNPs as
confirmed byMössbauer spectrum in Fig. 2. It is observed that both
MNPs-SiO2 nanoparticles and MNPs-SiO2/PVP show negligible
remanence (Mr, the residue magnetization after the applied field is
reduced to zero) and coercivity (Hc, the external applied magnetic
field necessary to return the material to a zero magnetization
condition), indicating a room temperature soft ferromagnetic
behavior of these materials.

The fluorescent emission of silica has been reported previously
[60,61]. Fluorescence images of pure PVP fiber and MNPs-SiO2/PVP
composite fibers are taken in both bright field and dark field, Fig.13.
Fig. 13(a and b) shows the pure PVP fibers and composite fibers,
respectively, in the bright field. In the dark field, the pure PP did not
show any emission signal, Fig. 13(c), indicating that pure PVP fibers
are not fluorescent active as expected. After incorporating a small
amount of MNPs-SiO2 particles in the PVP, fibers with red emission
(in web version) are observed in the dark field due to the uniform
distribution of small amount of MNPs-SiO2 in PVP fiber matrix,
Fig. 13(d).
4. Conclusions

Magnetic nanoparticles were synthesized using a facile thermal
degradation method with the presence of APTES coupling agent.
APTES serves as a surfactant to control the particle size and surface
functionality during nanoparticle formation. In the subsequent
silica coating process, APTES is used as primer to render the particle
surface compatible with TEOS. A morphology transition of elec-
trospun PVP from beads, beads/fibers to sole fibers relating to the
rheological behavior of polymer solutions with different concen-
trations has been revealed. The electrospinning parameters
including applied electric voltage, tip-to-target distance and feed
rate play an unusual role in determining the diameter of pure PVP
fibers due to the existence of stretching and contraction force
balance inside the fiber. The presence of nanoparticles reduces the
polymerepolymer interaction and thus restricts the contraction
force during electrospinning. Therefore, the unique electrospinning
phenomenon observed in pure PVP is less obvious in composite
fibers. Both fluorescence and magnetization have been successfully
incorporated in the composite fiber with the addition of the MNPs-
SiO2 coreeshell nanoparticles. This material shows practical
potential in biological science for cellular imaging, drug delivery
and nanosensing [37,62].
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