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Abstract: Electrospinning is a simple and versatile method for generating polymer and inorganic
nanofibers. When combined with functional inorganic nanoparticles, it provides a new technique to
produce polymerfinorganic composite nanofibers. This article presents a brief overview of recent progress
in fabrication of polymerfinorganic nanofibers by electrospinnming. We fully demonstrate the fabrication
of polymer/metal, polymer/carbon nanotubes, polymer/semiconductor, polymerimetal oxides, and other
polymerfinorganic composite nanofibers based on the electrospinning technique.
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1. INTRODUCTION

In the past decades, the design and attainment of functional composite nanomaterials
have been attracted much attention, since they can combine two or more components
on a nanometer scale, which can process excellent physical and chemical properties.!?
Especially, the combination of electrical, magnetic and optical inorganic nanoparticles
with good flexible polymers can result a new kind of nanocomposites with good process
ability and improved physical, mechanical, and chemical properties.’>> These
nanocomposites may have applications in catalytic membranes, ultrafiltration, nonlinear
optical materials, and reinforcement of elastomers and plastics.®* Many of reports have
been published on the fabrication of polymer/inorganic composite nanomaterials.
However, one-dimensional composite nanomaterials become major challenges for
scientists worldwide now due to their potential applications in nanodevices.”® Many
methods are used to synthesize one-dimensional nanostructural materials, such as
template-directed method,® vapor-phase approach,!®!! solution-phase method!'?!* self-
assembly,!® and size reduction.!® Recently, a simple electrospinning technique is favored
to produce one-dimensional structures of polymers, inorganic materials and polymer/
inorganic composite materials.

The electrospinning technique was first demonstrated in 1934 by Formhals through
a patent.!” He demonstrated an apparatus for producing polymer filaments using
electrostatic repulsions between surface charges. In the early 1990s, Reneker’s group
developed this technique. They fabricated many thin fibers from a broad range of polymers
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using this method, which is called “electrospinning”.!¥2! From then on, many scientists
have focused on this technique and many papers on both experimental and theoretical
studies were published.?>? In fact, the technique is similar to the commercial mechanical
drawing to produce microscale fibers, which is both based on the outside force to reduce
the diameter of a viscoelastic jet. However, the electrospinning method can produce
thinner fibers. To the best of our knowledge, the thinnest fibers were generated by this
method are 6+2 nm.?® The apparatus of the electrospinning technique involves three
parts: a high voltage electrostatic field, a spinneret and a collector. (Figure 1) In a typical
process to produce polymer nanofibers, an electrical potential is applied between a droplet
of a polymer solution in the capillary tube and the collector. Under the electrostatic
interactions, the droplet of polymer solution will be distorted into a cone, which called
“Taylor cone”.?” When the electrostatic forces produced by an electric field overcome
the surface tension of the polymer solution, a charged jet from the solution will be
ejected from the nozzle. The electrified jet undergoes a bending instable process and the
jet extends through spiraling loops. Along with the evaporation of the solvent, the jet
becomes thinner and longer until they reached the collector. The collector was often
made of a metal foil or silicon piece, which were placed opposite the spinneret. The
charged fibers are often deposited on the collector randomly. In order to obtain the
alignment of electrospun fibers, the collector usually needs to be improved. A cylinder
with high rotating speed and tapered, wheel-like disk were both used as the collector to
produce oriented parallel fibers.?% Xia et al. used a collector consisting of two conductive
strips separated by a void gap of variable widths to obtain uniaxially aligned polymer
fibers.?>*! The aligned nanofibers have many applications such as in ordered electronic
and photonic devices.
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Figure 1: A Schematic for Electrospinning Technique
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In the early work, people paid more attention to the fabrication of polymer nanofibers.
Up to now, more than fifty different types of polymer micro-nanofibers, such as Nylon
66, polycarbonate (PC), polyacrylonitrile (PAN), poly(vinylalcohol) (PVA), poly(actic
acid) (PAA), polystyrene (PS), poly(methyl methacrylate) (PMMA), polyamide (PA),
poly(vinylpyrrolidone) (PVP), have been already fabricated.’>** Recently, inorganic
nanofibers including aluminum oxide, nickel cobaltite, cobalt oxide, copper oxide,
magnesium titanate, nickel oxide, nickel titanate, lead titanate, niobium oxide, titanium
oxide, zirconium oxide, zinc oxide, vanadium pentoxide and tungsten oxide et al. were
also prepared by the electrospinning method.>*** On the other hand, the electrospinning
method is also playing an important role and has been regarded as one of the simplest
and most effective techniques in the field of fabrication of one-dimensional polymer/
inorganic nanomaterials. Various kinds of polymer nanofibers containing different
functional inorganic nanoparticles have been prepared through this method.

In this paper, a brief overview is presented on the fabrication of polymer/inorganic
nanofibers by electrospinning. We will fully demonstrate the fabrication of polymer/
metal, polymer/carbon nanotubes, polymer/semiconductor composite nanofibers, and
other polymer/inorganic composite nanofibers based on the electrospinning technique.

2. POLYMER/METAL COMPOSITE (PMC) NANOFIBERS

The PMC nanofibers can be applicable in catalysts, photonic and electric sensors, filters,
and tissue engineering. Among the PMC nanofibers, polymer/Ag composite nanofibers
were widely studied. Our group prepared PAN/Ag composite nanofibers by
electrospinning N, N’-dimethylformamide (DMF) solution of PAN containing as-
prepared Ag nanoparticles.* The average diameter of the Ag nanoparticles was about
100 nm (max. : 200 nm; min.: 20 nm). The interactions between Ag atoms and PAN
molecular chains prevent the Ag nanoparticles from coagulating in the process of in-situ
synthesis, but made the fiber thicker. Recently, Wang er al. put PAN/Ag" nanofibers film
into hydrazine to transfer Ag* to Ag nanoparticles.”® By this method, Ag nanoparticles
can be well dispersed in PAN nanofibers and the diameter of Ag nanoparticles was
about 10 nm. Lee er al. used DMF without hydrazine as a reducing agent to prepare
PAN/Ag composite nanofibers.’! This method was simple and only needed one-step
process. The average diameter of the obtained Ag nanoparticles dispersed in polymer
fibers was 6.8 nm and their size distribution was very narrow. Besides the solvent, the
polymer can also be served as the reducing agent for reducing Ag* clusters to Ag
nanoparticles. For example, PVP, as both the polymer matrice and the reducing agent,
was used to prepare PVP/Ag composite nanofibers.’? By this method, the diameter of
the obtained Ag nanoparticles was only about 8 nm. Cho er al. also prepared polymer/Ag
composite nanofibers by electrospinning.’® They infiltrated silver nitrate on electrospun
polyurethane (PU) fibers and reduced the Ag* ions with sodium borohydride. However,
the obtained Ag particles are a little aggregated and not well dispersed on the surface of
the PU fibers. Using both DMF and PVP, Ag nanoparticles can be well dispersed in
polymer fibers. Jin et al. prepared PVP/Ag and poly(vinyl alcohol) PVA/PVP/Ag composite
nanofibers using this method.>* It is found that the average diameter of Ag nanoparticles



ISSN 0973-628X International Journal of Electrospun Nanofibers and Applications

in PVP fibers is from 3.4 to 4.5 nm, while in PVA/PVP fibers is about 6.0 nm. It is
known that silver nanoparticles could also be prepared by a UV photoreduction technique.
Combined with the electrospinning method, Son et al. prepared antimicrobial ultrafine
cellulose acetate (CA) fibers with Ag nanoparticles.”> The diameter of Ag nanoparticles
was related to the amounts of the added AgNO,.When the CA fibers contains 0.05 and
0.5 wt. % AgNO,, the diameter of Ag nanoparticles is 3.3 and 6.9 nm. Our group also
prepared PAN/Ag composite nanofibers by the same method.’® The diameter of Ag
nanoparticles can be controlled by the molar ratio of the Ag*: PAN (repeating unite).

Besides the polymer/Ag composite nanofibers, polymer/Au, polymer/Pd and polymer/
Cu composite nanofibers were also studied. Kim ez al. prepared semicrystalline polymer
poly(ethylene oxide) (PEQ) fibers containing Au nanoparticles.>” They firstly synthesized
dodecanethiol-capped gold nanoparticles, then dissolved it in chloroform solution of
PEO.The composite solution was electrospun to prepare PEO/Au composite fibers. The
average particle size was about 4 nm in diameter. Demir et al. prepared catalytic palladium
(Pd) nanoparticles on electrospun copolymers of acrylonitrile and acrylic acid (PAN-
AA) mats via a reduction of PdCl, with hydrazine.”® It was found that spherical Pd
nanoparticles were dispersed homogeneously on the surface of the nanofibers. The size
of Pd nanoparticles depends on the amount of acrylic acid functional groups and PdCl,
concentration in the spinning solution. The composite fibers were found to have higher
catalytic activity. OQur group also prepared PVA/Cu composite nanofibers.”® As Cu
nanoparticles were easily oxidized, NaHSO, was added into the electrospun solution
before electrospinning. The results show that Cu nanoparticles can be well dispersed in
PVA matrix. Moreover, as the molar ratio of Cu?* to PVA repeating unite was proper,
CwPVA coaxial nanocables could be obtained.

3. POLYMER/CARBON NANOTUBE COMPOSITE NANOFIBERS

It is well known that carbon nanotubes (CNTs) possess various good performances
such as mechanical and electronic performances. It is expected that combination of
CNT's with electrospun polymer nanofibers may greatly improve the mechanical strength,
thermal conductivity and electronic conductivity of the fibers. Ko ef al. dispersed single
wall nanotubes (SWNTs) in different polymer solutions and electrospun them into
nanofibers.% It is found that PAN/SWNT's nanofibers have a better alignment of SWNT's
than PLA/SWNTTs fibers do. In the former, SWN'T's maintain a straight shape and are
parallel to the axis direction of the PAN fibers. The reasons may be attributed to the
differences in conductivity and wetting ability of the two polymers. They also prepared
the nanocomposite fibers of bombyx mori silk and SWNTs.%? It is found that the
mechanical properties of the SWNTs reinforced fibers show an increase in Young’s
modulus up to 460% in comparison with the un-reinforced aligned fibers. Cohen and
coworkers fabricated PEO nanofibers in which multiwalled carbon nanotubes (MWNTT's)
were embedded.®® Sodium dodecyl sulphate (SDS) or highly branched polymer was
used to disperse MWNT's in water. It is found that only a small portion of CNT's appeared
to be well-oriented along the fiber axis. They also prepared PEO/SWNT's nanofibers®
and proved that the high degree of orientation of PEO crystals was not significantly
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affected by the wall-aligned SWN'T's. Poly(vinylidene fluoride) (PVDF)/CNT's nanofibers
were also fabricated by Seoul er al. ® It is found that the conductivity of the CNT (0.1 wt
%)/ PVDF fiber mat was 7X10¢ S/cm. However, the tensile strength, elongation at break,
and other mechanical properties were not reported.

Reneker and co-workers reported PAN/MWNTs nanofibers obtained by
electrospinning a DMF solution of the PAN and surface-oxidized MWNTs.%%¢7 A high
degree of orientation of MWNTs in the PAN/MWNT nanofibers was observed. The
electrical conductivity and thermal stability were increased greatly. The tensile strength
and tensile modulus for PAN/MWNT sheets were also studied in details. PS/SWNT
and PU/SWNT nanofibers electrospun from a mixture of PU and ester-functionalized
(EST) SWNT*® showed that the tensile strength of EST-SWNT-PU membranes is
enhanced by 104%, compared to electrospun pure PU membranes, while an increase of
46% was achieved by incorporating as-prepared SWNTs in the PU matrix. Kumar and
co-workers also prepared PAN/SWNT composite nanofibers by electrospinning.® It is
known that PAN/SWNT composites exhibited much higher electron beam radiation
resistance than PAN membrane. PMMA/MWNTs nanocomposites obtained via an in-
situ bulk polymerization of methyl methacrylate (MMA) in the presence of carbon
nanotubes (CNTs) and electrospinning its DMF solution™ exhibited the electrical
conductivities of 10* and 102 S/cm, as the fiber mats contained 1 and 5 wt % of MWNTs.
Sundaray et al reported the preparation of composite nanofibers of PMMA/MWNT's
and even studied the electrical conductivity of a single fiber.”* It is found that the room
temperature DC electrical conductivity of a single fiber with 0.05% MWNT is about a
ten orders of magnitude improvement, compared with the pure PMMA ones. PC/MWNT
nanocomposite’ has an ultra-highly nanoporous morphology. This structural
characteristics and highly aligned parallel of MWNTs in the direction of fiber axis
contributed to the mechanical deformation process of the single composite fibers. Zhou
et al. studied PEO/MWNTs and PVA/MWNTs nanofibers and found the elastic
deformation of MWNTs in these nanofibers.” Jin and co-workers presented a simple
method to adhere the MWNTs to the surface of the highly porous nylon6 nanofibrous
membranes and obtained nylon6/MWNTs composite nanofibers membrane.”™ For the
presence of the MWNTSs on the surface of the nanofibers, the conductivity of the
membranes (1.5 wt.-%) is relatively high (2.2x10? S/cm).

4. POLYMER/SEMICONDUCTOR (PSC) AND POLYMER/METAL OXIDES
COMPOSITE NANOFIBERS

Semiconductor and metal oxides nanoparticles have unique electrical, magnetic and
optical properties, which can be applicable in solar cells, photodetectors, light-emitting
diodes and switches areas et al. The composites of polymer/semiconductor and polymer/
metal oxides nanoparticles have been extensively studied because of their flexible process-
able properties as well. Incorporation of functional nanoparticles into polymer fiber
matrices are expected to be used as one-dimensional nanodevices. However, the
nanoparticles tend to aggregate in the polymers. Our group developed the electrospinning
technique. After the metal salts/nanofibers were obtained, they were exposed to H_S gas
to get metal sulfide semiconductors, which is called gas-solid reaction method. Firstly,
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the well-dispersed PbS nanoparticles in PVP nanofibers were obtained.” TEM image
shows that these PbS nanoparticles are roughly spherical in shape and have a diameter
of approximately 5 nm. As Cd?* was used to produce PVP/CdS composite nanofibers,
CdS nanorods occurred, which homogeneously dispersed in the PVP fibers.” These
nanorods have a diameter of about 50 nm and a length between 100 and 300 nm. Using
these methods, ZnS:Cu/PVA and ZnS:Mn/PVA composite nanofibers were also
achieved.” "™ However, H_S gas, as we know, was not environment-friendly. Our group
developed a two-step method to synthesize PSC nanofibers. The synthetic strategy
involved the preparation of composite sol and electrospinning the composite sol. The
PVP/Ag S and PVA/ZnO composite nanofibers™*’ prepared by this method show that
the obtained Ag,S nanoparticles are spherical in shape and are separated from each
other, each having a diameter of approximately 15 nm. The average size of ZnO
nanoparticles in PVA fiber matrices are 3-4 nm. PVA/ZnO composite nanofibers have
been also prepared by Shao et al.,8! which have an intense white-light emission. Zussman
and co-workers have also prepared PEO/CdS nanorod composite nanofibers by directly
electrospinning the mixture solution of PEO and CdS.5%? The result shows that CdS
nanorods are embedded with unidirectional alignment of their long axis with respect to
the stretching direction of the fibers. Hong et al. described the preparation of 1D
assemblies of ZnO nanocrystal-supported PVA nanofibers.®? These hybrid membranes
was obtained by immersing the PVA nanofibers containing ZnAc in a basic ethanol
solution to carry out a sol-gel reaction. By the method, they have also prepared PAN/
TiO, composite nanofibers.*

Kim ez al. fabricated PVA/SiO, composite thin fibers by electrospinnng.® The results
indicated that PVA was changed from semicrytalline to amorphous state because of the
increase of silica content. It is also possible to incorporate Fe O, nanoparticles into
polymer fiber matrices by electrospinning. Tan et al. prepared poly(hydroxyethyl
methacrylate) (PHEMA) and poly-l-lactide (PLLA) nanofibers containing Fe O,
nanoparticles.® It is found that the nanofibers containing up to 35 wt.-% of Fe O,
displayed superparamagnetism at room temperature. The saturation magnetization was
3.5 emu/g and 1.1 emu/g for Fe,O /PHEMA and Fe O /PLLA nanofibers, respectively.

Drew er al. also reported the fabrication of metal oxide-coated nanofibers.®” They
put the nanofiber membranes in an aqueous solution of metal halide salts and halogen
scavengers to apply SnO, and TiO, coatings. However, the surface of the coatings is not
satisfied. Recently, our group prepared polypyrrole (PPy)/TiO, composite coaxial
nanofibers.*®* We had the pyrrole monomers polymerize on the electrospun TiO,
nanofibers. The results show that polypyrrole were uniformly coated on the TiO,
nanofibers. And another surfactant-directed method was also investigated to prepare
PPy/TiO, composite coaxial nanofibers.** By using this method, the thickness of the
PPy shell on the TiO, nanofibers can be well controlled. The thickness is dependent on
the mass ratio of the pyrrole monomer and TiO, nanofibers.

5. OTHERPOLYMER/INORGANIC COMPOSITE NANOFIBERS

Besides the semiconductor nanoparticles, other inorganic nanoparticles or compounds
were also incorporated into polymer fiber matrices. Gupta et al. prepared flexible,
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elastomeric, and superparamagnetic nanofibers by electrically spinning a solution of
elastomeric polyurethane containing ferrite nanoparticles of Mn-Zn-Ni.?° The
superparamagnetic behavior of the composites was not changed. Song et al. reported
poly(e-caprolactone) (PCL)/FePt composite nanofibers by coaxial electrospinning.®!
It is found that FePt nanoparticles with a diameter of 4 nm were completely
encapsulated within the PCL nanofibers. For polymer (MEHPPV)/molecular sieve
(SBA-15) composite fibers®?, it is known that its emission spectrum show a blue shift,
which might be applicable in the molecular electronics. Electrospun polyoxometalates/
polymer composite nanofibers were also well studied. Gong et al. prepared H.PW O, /
PVA composite nanofibers.” The brunauer-Emmett-Teller (BET) surface area and
swelling behavior of the fiber aggregates in water were investigated. H P,W O _/PVA®*,
H,Siw O, /PVA”, H.PW MoO, /PVA®® were also prepared. The results show that
most of the composite nanofibers show reversible photochromism. Our group has also
prepared Na [EuW O, ]/PVA composite nanofibers.’” This electrospinning method
prevents the polyoxometalates turning to an inhomogeneous microphase and large
aggregation. The photoluminescence spectra of the hybrid fibers show characteristic
of red-light emission at room temperature. Recently, our group incorporated
metalloporphyrin molecules into PVP fiber matrices to obtain discontinuous composite
nanofibers, which show various kinds of ordered patterns.?® The patterns formation
may be resulted from the self-assembling of the metalloporphyrin molecules in the
PVP matrices at the electric field.

6. SUMMARY AND PROSPECT OF COMPOSITE NANOFIBERS

The electrospinning technique has made a great progress since the last decades. Tens of
the polymer/inorganic composite nanofibers have been prepared successfully. The
scientists are trying to manipulate the technique so as to control the structure, morphology,
and assembly of the nanofibers. Meanwhile, their nanoeffects in biologcal, catalytic,
electrical, magnetic and optical properties are being developed actively. It is expected
that the successful fabrication of the polymer/inorganic composite nanofibers by
electrospinning will create more materials with novel performances.

References

[1]  Y.Wang, N. Herron, Science, 1996, 273, 632.

[2] G. Chen, Z. Qi et al. Macromol. Rapid Commun. 2000, 21, 746.

[3] X.Lu,Y.Yu, L. Chen, H. Mao,W. Zhang,Y. Wei, Chem. Commun. 2004, 1522.
[4] 7. Zhang, M.Wan,Y. Wei, Nanotechnology 2005, 16, 2827.

[5] X.Lu, H. Mao, D. Chao,W. Zhang,Y. Wei, J. Solid State Chem. 2006, 179, 2609.
(6]

(7]

(8]

(9]

o~

(=)}

1. S. Chronakis, J. Mater. Proc. Tech. 2005, 167, 283.
X. E. Duan, Y. Huang, R. Agarwal, C. M. Lieber, Nature 2003, 421, 241.
7. 1..Wang, ]J. H. Song, Science, 2006, 312, 242.

H. Q. Cao,Y.Xu,]. M. Hong, H. B. Liu, G.Yin, B. L.. Li, C.Y.Tie, Z. Xu, Adv. Mater. 2001,
13, 1393.

-



ISSN 0973-628X International Journal of Electrospun Nanofibers and Applications

Y. ]. Zhang, N. L..Wang, S. P. Gao, R. R. He, S. Miao, J. Liu, ]J. Zhu, X. Zhang, Chem.
Mater. 2002, 14, 3564.

Y.Y. Wu, P. D.Yang, J. Am. Chem. Soc. 2001, 123, 3165.
M. S. Gudiksen, C. M. Lieber, J. Am. Chem. Soc. 2000, 122, 8801.
X.Wang,Y. D. Li, J. Am. Chem. Soc. 2002, 124, 2880.

X. G. Peng, L.. Manna,W. D. Yang, J.Wickham, E. Scher, A. Kadavanich, A. P. Alivisatos,
Nature 2000, 404, 59.

C. Pacholski, A. Kornowski, H. Weller, Angew. Chem. Int. Ed. 2002, 41, 1188.

Y. D.Yin, B. Gates,Y. N. Xia, Adv. Mater. 2000, 12, 1426.

A. Formalas, US patent 1975504, 1934.

J. Doshi, D. H. Reneker, J. Electrost. 1995, 35, 151.

D. H. Reneker, I. Chun, Nanotechnology 1996, 7, 216.

D. H. Reneker, A. L..Yarin, H. Fong, S. Koombhongse, J. Appl. Phys. 2000, 87, 4531.
A. L.Yarin, S. Koombhongse, D. H. Reneker, J. Appl. Phys. 2001, 90, 4836.

H. L. Schreuder-Gibson, P. Gibson, K. Senecal, M. Sennett, J. Walker, W.Yeomans, J. Adv.
Mater. 2002, 34, 44.

B. Ding, H-Y. Kim, S. C. Lee, C. L. Shao, D. R. Lee, S. J. Park, J. Polym. Sci: Part B: Polym.
Phys. 2002, 40, 1261.

S. Megelski, J. S. Stephens, J. F. Rabolt, C. D. Bruce, Macromolecules 2002, 35, 8456.
Y. M. Shin, M. M. Hohman, M. P. Brenner, G. C. Rutledge, Polymer 2001, 42, 9955.

C. Huang, S. Chen, C. Lai, D. H. Reneker, H. Qiu,Y.Ye, H. Hou, Nanotechnology 2006,
17, 1558.

G. L. Taylor, Proc R Soc L.ondon, Ser A 1996, 291, 159.

A.Theron, E. Zussman, A. L..Yarin, Nanotechnology 2001, 12, 384.

R. Dersch, T. Liu, A. K. Schaper, A. Greiner, J. H.Wendorff, J. Polym. Sci. A 2003, 41, 545.
D. Li, Y. Wang,Y. Xia, Nano Lett. 2003, 3, 1167.

D. Li, Y. Wang, Y. Xia, Adv. Mater. 2004, 16, 361.

7.. M. Huang,Y. 7Z. Zhang, M. Kotaki, S. Ramakrishna, Composites Sci. Tech. 2003, 63,
2223.

D. Li1,Y. Xia, Adv. Mater. 2004, 16, 1151.

H. Dai, J. Gong, H. Kim, D. L.ee, Nanotechnology, 2002, 13, 674.

H. Guan, C. Shao,Y. Liu, N.Yu, X.Yang, Solid State Commun. 2004, 131, 107.

H. Guan, C. Shao, S.Wen, B. Chen, ]J. Gong, X.Yang, Mater. Chem. Phys. 2003, 82, 1002.
H. Guan, C. Shao, B. Chen, ]J. Gong, X.Yang, Inorg. Chem. Commun. 2003, 6, 1409.

N. Dharmaraj, H.C. Park, B.M. Lee, P. Viswanathamurthi, H.Y. Kim, D.R. Lee, Inorg.
Chem. Commun. 2004, 7, 431.

H. Guan, C. Shao, B. Chen, ]J. Gong, X.Yang, Inorg. Chem. Commun. 2003, 6, 1302.
N. Dharmaraj, H.C. Park, C.K. Kim, H.Y. Kim, D.R. Lee, Mater. Chem. Phys. 2004, 87, 5.

X. Lu, D. Zhang, Q. Zhao, C. Wang,W. Zhang,Y. Wei, Macromol. Rapid Commun. 2006,
27, 76.



An Electrospinning Technique to Fabricate Novel Polymer/Inorganic Composite Nanofibers

[42]

P. Viswanathamurthi, N. Bhattarai, H.Y. Kim, D. R. Lee, S. R. Kim, M. A. Morris, Chem.
Phys. Lett. 2003, 374, 79.

D. Li, Y. Wang, Y. Xia, Nano Lett. 2003, 3, 555.

C. Shao, H. Guan,Y. Liu, J. Gong, N.Yu, X.Yang, J. Cryst. Growth 2004, 267, 380.
X.Yang, C. Shao, H. Guan, X. Li, J. Gong, Inorg. Chem. Commun. 2004, 7, 176.
P.Viswanathamurthi, N. Bhattarai, H.Y. Kim, D.R. Lee, Scripta Mater. 2003, 49, 577.
X. Lu, X. Liu, W. Zhang, C. Wang, Y. Wei, J. Colloid Interf. Sci. 2006, 298, 996.

I. S. Chronakis, J. Mater. Proce.Tech. 2005, 167. 283.

Q. B.Yang, D. M. Li,Y. L. Hong, Z.Y. Li, C.Wang, S. L. Qiu, Y. Wei, Synth. Met. 2003, 137,
973.

Y. Wang, Q.Yang, G. Shan, C. Wang, J. Du, S.Wang, Y. Li, X. Chen, X. Jing, Y. Wei, Mater.
Lett. 2005, 59, 3046.

H. K. Lee, E. H. Jeong, C. K. Baek, ]J. H.Youk, Mater. Lett. 2005, 59, 2977.

Y. Wang, Y. Li, S. Wang, G. Zhang, D. An, C. Wang, Q. Yang, X. Chen, X. Jing, Y. Wei,
Nanotechnology 2006, 17, 3304.

J.W. Cho, J. H. So, Mater. Lett. 2006, 60, 2653.

W.].Jin, H. K. Lee, E. H. Jeong,W. H. Park, J. H.Youk, Macromol. Rapid Commun. 2005,
26, 1903.

J.W. Cho, ]J. H. So, Macromol. Rapid Commun. 2004, 25, 1632.

7Z.Y. Li, H. M. Huang, T. C. Shang, F. Yang, W. Zheng, C. Wang, S. K. Manohar,
Nanotechnology 2006, 17,917.

G. M. Kim, A.Wutzler, H. J. Radusch, G. H. Michler, P. Simon, R. A. Sperling,W. J. Parak.
Chem. Mater. 2005, 17, 4949,

M. M. Demir, M. A. Gulgun,Y. Z. Menceloglu, B. Erman, S. S. Abramchuk, E. E. Makhaeva,
A. R. Khokhlov,Y. G. Matveeva, M. G. Sulman, Macromolecules, 2004, 37, 1787.

C.Wang, Z. Li, D. Li, Q.Yang, Y. Hong, International Journal of Nanoscience, 2002, 1,
471.

7.Y. Li, H. M. Huang, C.Wang, Macromol. Rapid Commun. 2006, 27, 152.

F. Ko,Y. Gogotsi, A. Ali, N. Naguib, H.Ye, G.Yang, C. Li, P. Willis, Adv. Mater. 2003, 15,
1161.

J. Ayutsede, M. Gandhi, S. Sukigara, H.Ye, C. Hsu,Y. Gogotsi, F. Ko, Biomacromolecules,
2006, 7, 208.

Y. Dror,W. Salalha, R. L.. Khalfin,Y. Cohen, A. L..Yarin, E. Zussman, LLangmuir, 2003, 19,
7012.

W. Salalha, Y. Dror, R. L. Khalfin,Y. Cohen, A. L..Yarin, E. Zussman, LLangmuir, 2004, 20,
9852.

C. Seoul, Y. T. Kim, C. K. Baek, J. Polym. Sci., Polym. Phys. 2003, 41, 1572.

J.J. Ge, H. Q. Hou, Q. Li, M. J. Graham, A. Greiner, D. H. Reneker, E.W. Harris, S. Z. D.
Cheng, ¥ Am. Chem. Soc. 2004, 126, 15754.

H.Q.Hou,]J.]. Ge,]. Zeng, Q. Li, D. H. Reneker, A. Greiner, S. Z. D. Cheng, J. Am. Chem.
Soc. 2005, 17, 967.



[68]

ISSN 0973-628X International Journal of Electrospun Nanofibers and Applications

R. Sen, B. Zhao, D. Perea, M. E. Itkis, H. Hu, J. Love, E. Bekyarova, R. C. Haddon, Nano
Lett., 2004, 4, 459.

H. G. Chae, M. L.. Minus, S. Kumar, Polymer, 2006, 47, 3494.
J. H. Sung, H. S. Kim, H. J. Jin, H. ]J. Choi, I. ]J. Chin, Macromolecules, 2004, 37, 9899.

B. Sundaray, V. Subramanian, T. S. Natarajan, K. Krishnamurthy, Appl. Phys. Lett. 2006,
88, 143114.

G. M. Kim, G. H. Michler, P. Pétschke, Polymer, 2005, 46, 7346.
W. P. Zhou, Y. L. Wu, F. Wei, G. H. Luo,W. Z. Qian, Polymer, 2005, 46, 12689.

H. S. Kim, H.]J. Jin, S. J. Myung, M. Kang, I. ]J. Chin, Macromol. Rapid Commun. 2006,
27, 146.

X. Lw,Y. Zhao, C. Wang, Adv. Mater., 2005, 17, 2485.

X. Lw, Y. Zhao, C. Wang, Y. Wei, Macromol. Rapid Commun., 2005, 26, 1325.
H.Wang, X. Lu,Y. Zhao, C. Wang, Mater. Lett., 2006, 60, 2480.
H.Wang,Y.Yang, X. Lu, C. Wang, Chem. J. Chin. Univ. 2006, 27, in press.

X. Lu, L. Li,W. Zhang, C. Wang, Nanotechnology, 2005, 16, 2233.

X. Lu, W. Zhang, Q. Zhao, L.. Wang, C. Wang, E-polymers, 2006, no. 033.

X. M. Suj, C. L. Shao,Y. C. Liu, Appl. Phys. Lett. 2005, 87, 113115.

M. Bashouti, W. Salalha, M. Brumer, E. Zussman, E. Lifshitz, ChemPhysChem, 2006, 7,
102.

Y. Hong, D. Li, J. Zheng, G. Zou, Langmuir, 2006, 22, 7331.
Y. Hong, D. Li, ]J. Zheng, G. Zou, Nanotechnology, 2006, 17, 1986.
C. L. Shao, H.Y. Kim, J. Gong, B. Ding, D. R. Lee, S. ]J. Park, Mater. Lett. 2003, 57, 1579.

S.T. Tan, J. H.Wendorff, C. Pietzonka, Z. H. Jia, G. Q. Wang, ChemPhysChem, 2005, 6,
1461.

C. Drew, X. Lium D. Ziegler, X. Wang, F. F. Bruno, J. Whitten, L.. A. Samuelson, ]J. Kumar,
Nano Lett. 2003, 3, 143.

X. Lu, Q. Zhao X. Liu, D. Wang,W. Zhang, C. Wang,Y. Wei, Macromol. Rapid Commun.
2006, 27, 430.

X. Lu, H. Mao, W. Zhang, Nanotechnology, 2007, 18, 025604.
P. Gupta, R. Asmatulu, R. Claus, G. Wilkes, J. Appl. Polym. Sci. 2006, 100, 4935.

T. Song,Y. Zhang, T. Zhou, C.T. Lim, S. Ramakrishna, B. Liu, Chem. Phys. Lett. 2005,
415, 317.

S. Madhugiri, A. Dalton, J. Gutierrez, J. P. Ferraris, K. J. Balkus Jr. J. Am. Chem. Soc. 2003,
125, 14531.

J. Gong, C. L. Shao,Y. Pan, F. M. Gao, L. Qu, Mater. Chem. Phys. 2004, 86, 156.

J. Gong, X. D. Li, C. L. Shao, B. Ding, D. R. Lee, H.Y. Kim, Mater. Chem. Phys. 2003, 79,
87.

J. Gong, C. L. Shao, G. C.Yang,Y. Pan, L..Y. Qu, Inorg. Chem. Commun. 2003, 6, 916.

G. C.Yang, J. Gong,Y. Pan, X. J. Cui, C. L.. Shao,Y. H. Guo, S. B.Wen, L..Y. Qu, J. Phys. D:
Appl. Phys. 2004, 37, 1987.

X. Lu, X. Liu, L. Wang, W. Zhang, C. Wang, Nanotechnology, 2006, 17, 3048.
Y. Jin, X. Lu, C.Wang, J. Appl. Polym. Sci. 2006, 102, 6017.



