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a b s t r a c t

Intrinsically conducting polymers have been studied extensively due to their intriguing
electronic and redox properties and numerous potential applications in many fields since
their discovery in 1970s. To improve and extend their functions, the fabrication of multi-
functionalized conducting polymer nanocomposites has attracted a great deal of attention
because of the emergence of nanotechnology. This article presents an overview of the
synthesis of one-dimensional (1D) conducting polymer nanocomposites and their prop-
erties and applications. Nanocomposites consist of conducting polymers and one or more
components, which can be carbon nanotubes, metals, oxide nanomaterials, chalcogenides,
insulating or conducting polymers, biological materials, metal phthalocyanines and por-
phyrins, etc. The properties of 1D conducting polymer nanocomposites will be widely
discussed. Special attention is paid to the difference in the properties between 1D conduct-
ing polymer nanocomposites and bulk conducting polymers. Applications of 1D conducting
polymer nanocomposites described include electronic nanodevices, chemical and biological
sensors, catalysis and electrocatalysis, energy, microwave absorption and electromagnetic
interference (EMI) shielding, electrorheological (ER) fluids, and biomedicine. The advan-
tages of 1D conducting polymer nanocomposites over the parent conducting polymers are

highlighted. Combined with the intrinsic properties and synergistic effect of each compo-

nent, it is anticipated that 1D conducting polymer nanocomposites will play an important
role in various fields of nanotechnology.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

During the past decade, nanotechnology has become
an active field of research because of its tremendous
potential for a variety of applications [1]. When the size
of many established, well-studied materials is reduced
to the nanoscale, radically improved or new surprising
properties often emerge. There are mainly four types
of nanostructures: zero, one, two and three dimension
structures. Among them, one-dimensional (1D) nanos-
tructures have been the focus of quite extensive studies
worldwide, partially because of their unique physical and
chemical properties. Compared to the other three dimen-
sions, the first characteristic of 1D nanostructure is its
smaller dimension structure and high aspect ratio, which
could efficiently transport electrical carriers along one
controllable direction, thus are highly suitable for mov-
ing charges in intergrated nanoscale systems. The second
charateristic of 1D nanostructure is its device function,
which can be exploited as device elements in many kinds
of nanodevices [2–4]. Many synthetic strategies, such as
solution or vapor-phase approaches, template-directed
methods, electrospinning techniques, solvothermal syn-
theses, self-assembly methods, etc., have been developed
to fabricate several classes of 1D nanostructured materials,

including metals, semiconductors, functional oxides, struc-
tural ceramics, polymers and composites [2–24]. Previous
researcher emphasized the fabrication of 1D nanostruc-
tures of metal and inorganic semiconductors due to their
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 705
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 705

novel electronic and optical properties. Recently, small
molecular and polymeric (semi)conductors have attracted
increasing interest for their advantages of readily tun-
able bandgaps, rich redox chemistry (or electroactivity),
excellent flexibility and/or good processibility over con-
ventional inorganic nanomaterials [25–27]. To improve
and extend the functions of these organic nanomaterials,
one or more components are often incorporated to form
multi-functionalized nanocomposites for various applica-
tions in the fields of electronics, sensors, catalysis, energy,
electromagnetic interference (EMI) shielding, electrorheo-
logical (ER) fluids and biomedicine. In this review, we focus
on the preparation of 1D conducting polymer nanocompos-
ites and their novel properties and applications.

Intrinsically conducting polymers, also known as “syn-
thetic metals”, are polymers with a highly �-conjugated
polymeric chain [28–30]. For the discovery of con-
ducting polymers, Alan J. Heeger, Alan G. MacDiarmid
and Hideki Shirakawa were awarded the Nobel Prize
in Chemistry in 2000. Typical conducting polymers
include polyacetylene (PA), polyaniline (PANI), polypyrrole
(PPy), polythiophene (PTh), poly(para-phenylene) (PPP),
poly(phenylenevinylene) (PPV), polyfuran (PF), etc. The
chemical structures of these polymers are illustrated in
Fig. 1. These conjugated polymers can be electrical insula-
672 X. Lu et al. / Progress in Polymer Science 36 (2011) 671–712
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tors, semiconductors or conductors, depending on the level
of doping and nature of the dopants. Upon treating with
dopants and/or subjecting to chemical or electrochemi-
cal redox reactions, the electrical conductivity of these
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Fig. 1. The chemical structures and their abb

onjugated polymers can increase by several orders of mag-
itude. For example, the emeraldine base PANI (undoped

orm) is an insulator, with a conductivity, of only 10−10 to
0−8 S/cm. Upon doping the conductivity of the emeraldine
alt PANI (doping form) can increase to 102 to 103 S/cm
r higher. The high conductivity upon doping makes these
olymers promising materials for applications ranging
rom electro-optic, molecular and nanoelectronic devices
o microwave absorbing and corrosion protection coatings.
n addition, the ability of the reversible doping–dedoping
roperties provides them for the applications in sensors,
ctuators and separation membranes [31–36].

Recently, nanostructured conducting polymers have
een subjected to intensive investigation owing to the
nique combination of electronic properties of conductive
olymers and large surface area of nanomaterials. In partic-
lar, 1D conducting polymeric nanomaterials are exploited
s nanowires in electronic devices [37–43]. For example,
hen and co-workers showed that the electrical conductiv-

ty of an individual PANI nanotube doped with camphor-
0-sulfonicacid (CSA) reached about 30.5 S/cm. Moreover,
he contact resistance of the individual nanotube was much
maller than that of crossed PANI nanotube [44]. Over the
ast few years, many synthetic strategies have been derived
or the fabrication of 1D conducting polymer nanomateri-
ls, including template-directed approach, self-assembly,
nterfacial polymerization, seeded polymerization, rapid-

ixing polymerization, radialysis or ultrasonic assisted
ethod, etc. [15,39,40,45–50].
In addition to the formation of 1D nanostructures,

ncorporation of at least one secondary component into
onducting polymers to form nanocomposite is another
seful approach to improve or extend the function-
lity of conducting polymers [51]. It is anticipated
hat distinct properties from the synergistic effect of
ach component will be observed in the conducting
olymer nanocomposites. This may include improved
hemical properties or combined multi-functionalized

hemical/physical/biological properties. For example, the
ddition of carbon nanotubes (CNTs) into conducting
olymers was demonstrated by Zhang and co-workers
o enhance the electrical properties. The conductiv-
ty of CNT/PPy composite nanocables synthesized by
ns of several kinds of conducting polymers.

cetyltrimethylammonium bromide (CTAB) directed poly-
merization approach was one order of magnitude higher
than that of PPy synthesized under the same conditions,
but without the addition of CNTs [52]. Multi-functionalized
nanomaterials with both conductivity and magnetism
were also prepared by incorporating magnetic Fe3O4
nanoparticles into conducting polymers [53]. Here, we con-
centrate on the various strategies for the preparation of 1D
conducting polymer nanocomposites, with special atten-
tion to some exciting properties of such nanocomposites, as
well as their potential uses in selected applications includ-
ing electronic nanodevices, sensors, catalysis, energy, EMI
shielding, ER fluids and biomedicine. We conclude with
a discussion of fabrication methods, and possible future
research directions on 1D conducting polymer nanocom-
posite.

2. Synthesis of 1D conducting polymer
nanocomposites

For the fabrication of 1D conducting polymer nanocom-
posites, there are two important questions: how 1D
conducting polymer nanostructures can be obtained, and
how other components can be incorporated into conduct-
ing polymers. The structure of 1D conducting polymer
nanocomposites, the interfacial adhesion between con-
ducting polymers and the secondary component, and
the aspect ratio will all affect the properties of the
nanocomposites. Therefore, the synthetic strategies for the
fabrication of 1D conducting polymer nanocomposites are
of great importance. The synthesis of several types of 1D
conducting polymer nanocomposites using different kinds
of methods is discussed in the following.

2.1. 1D conducting polymer nanocomposites with CNTs
or carbon fibers

In 1991, Iijima reported the structure of CNTs [54].

Since then, there has been tremendous progress made in
the preparation and applications of this class of nano-
materials [55–62]. CNTs not only have high mechanical
strength and modulus, good electrical conductivity and
excellent chemical stability, but also have characteristics
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of low-dimensional nanomaterials and promising appli-
cations in nanodevices. However, poor processability has
limited their applications. Therefore, many researchers
have focused on the chemical modification of CNTs with
organic molecules or polymers to enhance their solu-
bility. Generally, organic molecules or polymers can be
functionalized on the surface of CNTs through “graft-
ing to” and “grafting from” techniques using a range of
methodologies, such as esterification reaction, amidation
reaction, atom transfer radical polymerization (ATRP), rad-
ical addition-fragmentation chain transfer polymerization
(RAFT), ring-opening metathesis polymerization (ROMP),
etc. [59,63–68]. On the other hand, the lack of chemi-
cal properties in some aspects is also a great obstacle for
the applications of CNTs. For example, the selectivity was
minimal when the CNTs were used in sensors [51]. There-
fore, the formation of CNTs/functional polymer composites
would be a meaningful way to improve or extend the prop-
erties of polymers or CNTs. In particular, CNTs/conducting
polymer composites with strong interactions between the
CNTs and conducting polymers were demonstrated to
facilitate electron/hole transport [69]. Since CNTs are 1D
nanostructures, coating a layer of conducting polymers on
CNTs represents one of the simplest method to fabricate 1D
conducting polymer nanocomposite with CNTs. Therefore,
it is important to investigate effective methods to make
conducting polymers grow on the surface of CNTs.

Electrochemical polymerization provides a conve-
nient approach to fabricate 1D CNTs/conducting polymer
nanocomposites [70–77]. Using such a strategy, the mor-
phology and properties of the nanocomposites can be
controlled by the electropolymerization conditions, such
as the applied potential or current density. Ajayan and
co-workers have reported the electrochemical oxidation
of aniline in H2SO4 on the CNTs electrode to fabricate
CNT/PANI composites [70]. Scanning electron microscopy
(SEM) images showed both complete and partial coating
of PANI on the surface of CNTs. Chen et al. fabricated 1D
CNT/PPy nanocomposites, the first example of anionic CNTs
acting as the dopant of a conducting polymer [71]. Their
results showed that PPy was uniformly coated on the sur-
face of individual CNTs by electrolysis at a low applied
potential for a short time, rendering them potential appli-
cations in nanoelectronic devices. Compared to unaligned
CNTs, aligned array of CNTs have proved to be an excellent
substrate for the electrodeposition of conducting polymers
because conducting polymers can grow well on the surface
of each individual CNT, facilitating the fabrication of uni-
form coaxial CNTs/conducting polymer nanocomposites
[72]. Furthermore, the thickness of the conducting poly-
mers on each CNT can be well controlled. In addition to
coaxial nanostructures, another kind of CNTs/conducting
polymer composite nanostructures, e.g., CNTs as inorganic
fillers in conducting polymer matrices, can be prepared
by a template-directed electropolymerization method [73].
The CNTs were incorporated into the conducting polymer

nanowires and served as the sole charge-balancing “coun-
terions”; the CNT/PPy composite nanowires was straight
and with a surface.

Besides electrochemical polymerization, chemical poly-
merization has also been widely studied to for the
ience 36 (2011) 671–712

preparation of 1D conducting polymer nanocomposites
[78–88]. The first example of a 1D CNT/PA nanocomposite
was the in situ chemical polymerization of phenylacety-
lene in the presence of CNTs [84]. Transmission electron
microscopic (TEM) images showed that a certain amount
of CNTs was wrapped by the PA coils along the latitudes
of tubular surface. The helical wrapping of the PA chains
along the CNTs enhanced the solubility of the nanocompos-
ites in common organic solvents, such as tetrahydrofuran,
toluene, chloroform, and 1,4-dioxane. Compared to the
“ex-situ” polymerization method (i.e., mixing the con-
ducting polymers with CNTs directly), CNTs/conducting
polymer nanocomposites synthesized by in situ chemical
polymerization can have better site-selective interactions
between the quinoid rings of PANI and CNTs, improving
the charge-transfer processes between the two compo-
nents [78]. However, the morphology of the as-synthesized
CNTs/conducting polymer nanocomposites is not very
uniform. In order to enhance the interactions between
conducting polymers and CNTs, introduction of covalent
bonding between conducting polymers and CNTs has been
explored. Philip et al. functionalized multiwalled CNTs
(MWNTs) with p-phenylenediamine, giving phenylamine
functional groups on the surface of MWNTs [85]. PANI was
formed on the surface of MWNTs via covalent bonds after
in situ chemical oxidative polymerization. The microscopic
studies indicated that the as-synthesized MWNT/PANI
nanocomposites had a uniform core-sheath structure and
that PANI formed a thick homogeneous coating on the
surface of MWNTs. Yao and co-workers further treated
such 1D MWNT/PANI nanocomposites with chlorosulfonic
acid, followed by hydrolysis to obtain a 1D sulfonated
MWNT/PANI nanocomposite, which was easily soluble
in water [86]. MWNTs/sulfonated PANI nanocomposite
could also be prepared by covalently bonding of poly(m-
aminobenzene sulfonic acid) with –COCl functionalized
MWNTs, as demonstrated by Haddon and co-workers [87].
Similarly, 1D CNT/PTh nanocomposites were fabricated
by covalently bonding of poly[3-(2-hydroxyethyl)-2,5-
thienylene] with –COCl functionalized CNTs [88].

Surfactants have been employed to enhance the uni-
formity of the conducting polymer coatings on CNTs. The
surfactants can adsorb and arrange regularly on the sur-
face of CNTs at relatively high concentrations, forming a
columnar microregion, where monomers of conducting
polymers can be polymerized, thus to obtain core-sheath
structures of 1D CNTs/conducting polymer nanocompos-
ites. Zhang et al. have prepared a series of CNTs/conducting
polymer nanocables by such an in situ chemical polymer-
ization directed by the cationic surfactant CTAB [52,89–91].
The uniform cable-like nanostructures of CNT/PANI and
CNT/PPy thus formed via such a CTAB-directed chemi-
cal polymerization are shown in Fig. 2. Through in situ
chemical polymerization in the presence of sodium dodecyl
sulphate (SDS) surfactant molecules, cable-like structures
of carbon nanofibers/PPy can also be prepared [92]. How-

ever, attainment of highly regulated nanocoatings of PPy
on the surface of carbon nanofibers could only be achieved
using ultrasonic irradiation. This was attributed to that
H2O2 formed by the sonolysis of water under ultra-
sonic irradiation accelerated the polymerization of pyrrole,
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Fig. 2. SEM and TEM images of CNTs/PPy nanocables synthesized by surfactant-directed polymerization approach, showing that smooth and uniform cable-
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olymerization. (C, D) SEM and TEM images of CNTs/PPy nanocables syn
NTs/PPy nanocables synthesized by CTAB-directed polymerization [52].

esulting in the deposition of polymer chains on the sur-
ace of carbon nanofibers. Polymerizaion by �-radiolysis
s another method to fabricate regulated cable-like struc-
ures of CNTs/conducting polymer nanocomposites. Lim
nd co-workers have prepared the nanocomposites of
Th with MWNTs by the in situ �-irradiation-induced
hemical polymerization of thiophene at room tempera-
ure [93]. Microscopic studies showed that PTh films with
hicknesses of 20–50 nm were smoothly coated on the
urface of MWNTs. Wan and co-workers demonstrated

self-assembly process for the fabrication sulfonated
WNT/PANI nanocomposites [94]. The morphology of

he resulting nanocomposite was shown to be depen-
ent on the ratio of aniline/sulfonated MWNTs. At the
atios ≤1, PANI was found to coat on the surface of sul-
onated MWNTs. While supramolecular-type sulfonated

WNTs doped PANI nanotubes were obtained at the ani-
ine/sulfonated MWNTs ratios ≥2, which might have been
erived from a self-assembly process.

In addition to the solution polymerization, emul-
ion polymerization has also been used to prepare
D CNTs/conducting polymer nanocomposites with uni-
orm core-sheath structures [95–97]. Xue and co-workers
eported an in situ inverse microemulsion approach for
he fabrication of 1D MWNT/PPy nanocomposites [95].
he microemulsion system included sodium dodecyl-
enzenesulfonate (SDBS) surfactant, butanol, hexane and

ydrochloric acid. Pyrrole monomers were polymerized in
he adsorbed micelles on the surface of MWNTs, leading
o the adhesion of PPy particles on the surface of MWNTs.
heir results also showed the formation of core-sheath-
haped nanostructured agglomerates. The thickness of PPy
and TEM images of CNTs/PPy nanocables synthesized by CTAB-directed
d by Oп-10 directed polymerization. (E) HRTEM image of an individual
ht 2004, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

layer on the surface of MWNTs can be controlled between
several and several tens of nanometers, which depended
on the MWNT content. Vapor deposition polymerization
is another versatile approach for the preparation of core-
shell or core-sheath nanostructures. Jang and Bae have
fabricated carbon nanofibers/PPy nanocables using such a
strategy [98]. Microscopic studies revealed the formation
of uniform PPy layer on the surface of carbon nanofibers.
The thickness of PPy layer can be well controlled by varying
the amount of the monomer in the feed.

It is noted that not all of the core-sheath-shaped
CNTs/conducting polymer nanocomposites are nessassary
to have structures with CNTs component as core and con-
ducting polymers components as shell layer. Monomers
of conducting polymers can also be filled into and poly-
merized inside CNTs to form 1D nanocomposites. Park
and co-workers impregnated CNTs with pyrrole monomer
assisted with supercritical carbon dioxide, followed by
polymerization using FeCl3 as an oxidant in water, to afford
PPy filled CNTs. However, the characterization of this kind
of material was quite difficult [99].

2.2. 1D conducting polymer nanocomposites with metal
nanomaterials

Metal nanoparticles or 1D structured nanomaterials
are of great importance for their numerous electrical,

optical and catalytical properties and a wide range of
applications including nanoelectronics and sensing devices
[100]. In the past decade or so, the composition and
shape control of metal nanoparticles have been exten-
sively studied. Combining the metal nanomaterials with
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Fig. 3. (A) SEM image of the as-synthesized PPy·Cl nanotubes using V O nanofibers as polymerization template. (B) TEM image of the PPy·Cl nanotubes,
of the

notubes
2 5

showing the hollow tubes structures. Inset: TEM image shows the pore
coaxial cable of Ag and particle size distribution. (D) Au/PPy composite na
Copyright 2005, American Chemical Society.

1D conducting polymers, in addition to the anisotropic
electrical properties of 1D conducting polymers and opti-
cal properties of metal nanostructures, new and yet-to-be
imagined properties can be attained because of the elec-
tron transfer between the two components. One of the
most important properties for conducting polymers is their
reversible oxidation/reduction (i.e., redox) chemistry. It
means that conducting polymers can be oxidized by strong
oxidants such as HAuCl4, H2PdCl4, H2PtCl6, AgNO3, etc., to
an over-oxidized state. This property can be applied for
the fabrication of 1D conducting polymer nanocompos-
ites with metal component. Kaner and co-workers have
demonstrated that PANI/Ag composite nanofibers can be
prepared by the redox process between PANI nanofibers
and the corresponding AgNO3 [101]. Similarly, gold and Pd
nanoparticles were also easily produced inside or on the
surface of the PANI nanofibers via such an in situ redox
reaction [102,103]. In addition to PANI nanofibers, PPy
nanostructures were also proven a good matrix for loading

metal nanoparticles to form 1D PPy/metal nanocompos-
ite. Fig. 3 shows that Ag and Au nanoparticles 3–5 nm in
size can be deposited into PPy nanotubes with an inner
diameter of less than 10 nm [104]. The results demon-
strated Ag nanoparticles synthesized via a rapid reduction
nanotubes is filled with V2O5. (C) Ag/PPy composite nanotubes. Insets:
. Inset: particle size distribution. Scale: (A) 100 nm; (B, C, D) 20 nm [104].

by PPy were on the surface and in the interior of the PPy
sheath. Cable-like Ag/PPy nanocomposites could also be
obtained by the agglomeration of Ag nanoparticles in the
pore of PPy nanotubes. In contrast, Au nanoparticles were
mainly formed in the pore region of PPy nanotubes. Wei
and co-workers have reported the fabrication of PPy nan-
otubes with the inner diameter of about 20 nm or more
by a self-degraded template method. These were used
matrices for loading Au nanoparticles to form 1D PPy/Au
nanocomposites [105]. The results represented a some-
what different loading pathway compared to the above
mentioned PPy nanotubes with an inner diameter of less
than 10 nm, in which the as-synthesized Au nanoparticles
were formed on every region of PPy nanotubes (i.e., in the
pore and sheath, and on the surface). Furthermore, the size
of the as-synthesized Au nanoparticles was not uniform,
the average diameter for small Au nanoparticles was about
13 nm, while that for the large nanoparticles could reach
about 80 nm. However, adding surfactant molecules such

as Tween-80 into the reaction system could make monodis-
persed Au nanoparticles with a diameter of about 13 nm on
PPy nanotubes.

In addition to in situ reduction by the conducting poly-
mers, metal nanoparticles can also be synthesized on the
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urface of the 1D conducting polymers via a reduction
rocess in the presence of other reducing agents. Yan
nd co-workers prepared PANI/Pt composite nanofibers by
educing a Pt salt with ethylene glycol on the surface of
ANI nanofibers [106]. The diameter of PANI nanofibers
as about 60 nm, and that of as-synthesized Pt nanopar-

icles was only about 1.8 nm as calculated from XRD data.
he small size of Pt nanoparticles on the 1D conducting
olymer matrix enhanced the electrocatalytic activity for
he methanol oxidation reaction. Through the polyol reduc-
ion approach with assistance by microwave technique,
u and co-workers have also fabricated PPy/Pt compos-

te nanofibers [107]. They found that the average size of
he Pt nanoparticles was about 2.5 nm. Besides ethylene
lycol, Wang and co-workers reported a HCOOH reduction
ethod for the fabrication of PANI nanofibers supported

t nanoparticles with a diameter of about 3 nm [108].
mportantly, the amount of Pt nanoparticles on the sur-
ace of PANI nanofibers can be well controlled by adjusting
he molar ratio of PANI to Pt precursors. Furthermore,
t/Pd hybrid nanoparticles could also be readily loaded
n the surface of PANI nanofibers to form 1D nanocom-
osites via simultaneously reducing Pt and Pd precursors
y HCOOH reducing agent. The ease in the control of
ensity and composition rendered such 1D conducting
olymers/metal nanocomposites of interest for potential
pplications in sensors, nanoelectronics and other electro-
hemical devices.

Template techniques are among the most versatile and
imple approaches for the fabrication of 1D nanostructures
rom many kinds of materials, including conducting poly-

ers. The processes based on these techniques include
eposition of the desired materials within the pores of
he self-assembled template molecules, followed by the
issolution of the template. Metal/conducting polymers
ith core-sheath structure have been fabricated by tem-
late techniques. For example, Xu and co-workers prepared
etal/PANI nanotubules using the template approach via
synthetic strategy consisting of three steps: (1) poly-
erization of aniline using ammonium persulphate (APS)

s an oxidant in the pores of anodic aluminum oxide
AAO) template to form PANI nanotubules; (2) prepa-
ation of metal nanowires within PANI nanotubules by
lectrodeposition; (3) dissolution of AAO template with
n alkali solution [109–111]. The PANI might also pro-
ect the metal nanowires from oxidation and corrosion,

deirable property for a candidate for use in electronic
evices. The Au/PTh composite nanowires with core-
heath structures can also be fabricated by electrochemical
reparation of PTh, followed by electrochemical depositon
f Au into the pores of AAO [112]. To avoid a multi-step syn-
hesis, metal/conducting polymers composite nanowires
an be prepared by simultaneous polymerization of the
onomers of conducting polymers such as PANI and the

eduction of metal within the pores of the AAO tem-
late. High-resolution transmission electron microscopy

HRTEM) images showed that cable-like nanocomposites
ere formed with a metal core surrounded by PANI coating

113]. Besides the core-sheath structures, segmented archi-
ectures of metal/conducting polymers can be fabricated
lectrochemically within AAO template [114–117].
ience 36 (2011) 671–712 677

In addition to porous templates such as AAO, polymer
or organic fibers can also be employed as templates to
fabricate 1D PANI/metal composites [118,119]. To prevent
leaching of metal nanoparticles from conducting polymers
matrices, Zhang and co-workers have developed a template
method to synthesize PANI/Pd nanotubes with Pd nanopar-
ticles attached to the inner walls of PANI nanotubes [118].
The first step was to coat Pd nanoparticles on the surface of
sulfonated polystyrene (PS) nanofibers. Then the PANI layer
was coated on the surface of PS/Pd composite nanofibers by
a self-assembling polymerization method. Finally, the PS
nanofibers as the templates were removed by dissolution
in tetrahydrofuran. TEM images revealed that Pd nanopar-
ticles with average size of about 3.4 nm were attached onto
the inner walls of PANI nanotubes. This approach can be
extended to the fabrication of other 1D conducting poly-
mers/metal nanocomposites with metal nanoparticles on
the inner walls of conducting polymer nanotubes.

As mentioned above, metal/conducting polymers with
core-sheath structure can be prepared by the template
method. However, the approach based on the template
technique is complicated and non-economical because of
the need to remove the templates. In fact, metal/conducting
polymers with core-sheath structure can be fabricated
via a one-step chemical polymerization [120–124]. It
is well known that the standard reduction potential
of most common noble metal salts, such as HAuCl4,
H2PtCl6, H2PdCl4, and AgNO3, is higher than that of the
monomers of conducting polymers, including aniline, pyr-
role and ethylenedioxythiophene (EDOT), so that the noble
metal salts have the ability to oxidatively polymerize
such monomers. Cable-like structures of metal/conducting
polymers can be synthesized by controlling the reaction
conditions. Li and co-workers were the first to report that
Ag/PPy nanocables can be prepared through the redox
reaction between pyrrole and silver nitrite in aqueous
solution in the presence of poly(vinyl pyrrolidone) (PVP)
[120]. During the reaction process, the formation of Ag
nanowires and the polymerization of a pyrrole sheath pro-
ceeded simultaneously. Fig. 4 shows the TEM images of the
as-synthesized Ag/PPy nanocables, displaying the coaxial
nanostructures with a dark core and a lighter sheath. The
diameter of the Ag nanowires core was about 20 nm, while
the outer diameter of PPy sheath reached about 50 nm.
In such a system for the preparation of Ag/PPy nanoca-
bles, PVP played an important role in kinetic control of the
growth rates of various faces of silver. In the absence of
PVP, the growth rate of the redox reaction can be controlled
by lowering reduction potential of the oxidants. Replac-
ing AgNO3 with Ag2O as the oxidant, snake-like Ag/PPy
core-sheath structures have been prepared by one-pot pro-
cedure involving hydrothermal reactions in the absence
of any surfactant [121]. The mechanism of the formation
of Ag/PPy core-sheath nanostructures might be related
to the self-assembly of the silver nanoparticles reduced
from Ag2O particles inside the PPy matrix oxidatively

polymerized from pyrrole monomer. Niu and co-workers
demonstrated that Au/PANI coaxial nanocables could also
be fabricated by the redox reaction between chlorauric acid
and aniline in the presence of d-CSA [122]. In that case,
CSA acted not only as a dopant, but also as a surfactants
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C) High
g core,
Fig. 4. (A, B) TEM images of Ag/PPy nanocables with low-magnification. (
of silver core, showing the diffracton dot of silver. (D) HRTEM image of A
Copyright 2005, the Royal Society of Chemistry.

or a soft template, just as the role of PVP in the system to
the fabrication of Ag/PPy nanocables. TEM images exhib-
ited coaxial nanocables structures with an outer (PANI–CSA
sheath) diameter of 50–60 nm and an inner (Au core) diam-
eter of about 20 nm. The as-synthesized Au/PANI coaxial
nanocables can be converted to hollow PANI nanotubes
by dissolution of Au nanowire core by a saturated I2
solution. In addition to Ag/PPy and Au/PANI nanocables,
cable-like Au/poly(3,4-ethylenedioxythiophene) (PEDOT)
nanostructures have been synthesized in the absence of any
surfactant or stabilizer through one-step interfacial poly-
merization of EDOT dissolved in dichloromethane solvent
and HAuCl4 dissolved in water [123]. Microscopy studies
showed that the outer and inner diameters of Au/PEDOT
nanocables were around 50 and 30 nm, respectively. Sim-
ilar to the Au/PANI nanocables, PEDOT nanotubes can be
obtained by dissolution of the Au component in saturated

I2 solution. Furthermore, pure gold nanowires could also
be produced by removing PEDOT sheath via oxygen plasma
decomposition.

While the greatest advantage of the one-step approach
for fabricating metal/conducting polymer nanocables is its
-magnification TEM image of a single Ag/PPy nanocable; inset: ED patten
showing the silver grows as a crystal twinned at the (111) planes [120].

simplicity, the thickness of the conducting polymer sheaths
is not easily controlled. Li and co-workers developed an
interesting post-polymerization method to coat conduct-
ing polymers on the surface of metal nanowires [125]. To
ensure the polymerization occurs on the surface of silver
nanowires, Ag ions were firstly adsorbed onto the clos-
est surface of silver nanowires through the common ions
adsorption effect. Pyrrole monomer was then added into
the system of Ag+/Ag nanowires and the polymerization
would begin between the pyrrole monomer and Ag+ to
produce Ag/PPy nanocables. TEM images proved the core-
sheath structures of the as-prepared Ag/PPy nanocables.
More importantly, the thickness of PPy sheath layer can
be well controlled by changing the concentration of the
AgNO3 aqueous solution used to adsorb Ag+ onto the sur-
face of the Ag nanowires. The thickness of the PPy layer
increased from 3 nm to more than 20 nm as the concen-

tration of AgNO3 solution was increased from 1 to 10%. In
addition to the core-sheath structures, 1D conducting PANI
decorated with metal nanoparticles can be obtained by �
radiolysis. The size of metal nanoparticles can be varied by
adjusting the ratio of aniline to the metal precursors [126].
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.3. 1D conducting polymer nanocomposites with metal
xides

The fabrication of 1D conducting polymer nanocom-
osites with metal oxides has become an alluring aspect
or their potential applications in sensors and energy
evices. The synergy between 1D conducting polymers
nd metal oxides provides the resultant nanocomposites
ith added functionalities compared to their individual
arent materials. The self-assembly method, also called
template-free” method, is a facile and versatile tech-
ique for the preparation of 1D conducting polymers
nd their nanocomposites. Wan and co-workers demon-
trated that 1D PANI/TiO2, PANI/Fe3O4 and PANI/�-Fe2O3
anocomposites can be readily fabricated by a self-
ssembling process [53,127,128]. The mechanism of the
elf-assembly can be related to the formation of micelles by
-naphthalene sulfonic acid (�-NSA) anions and anilinium
ations as soft templates. As an example for the prepara-
ion of 1D PANI/TiO2 nanocomposites, TiO2 nanoparticles
an be well dispersed in a �-NSA solution prior to the poly-
erization of aniline monomer. The micelles contained

iO2 nanoparticles act as the “core”, with the aniline/�-NSA
alt the “shell”, to function as a soft template in the for-
ation of PANI/TiO2 composite nanofibers or nanotubes.
fter adding APS to the system to induce the polymeriza-

ion, the micelles containing TiO2 become larger spheres
r tubes/fibers by elongation, resulting in the formation
f a 1D PANI/TiO2 nanocomposite. Microscopic studies
ndicated that PANI/TiO2 nanotubes or nanofibers were
ormed at low concentrations of TiO2. However, granular
ANI/TiO2 composites would form when the concentration
f TiO2 was increased to 0.12 M. Introducing ultrasonic irra-
iation into the self-assembly process for the fabrication
f 1D conducting polymers/metal oxide nanocomposites
ispersed the inorganic nanocomponents in the conduct-

ng polymer matrix. Our group reported the synthesis of
ANI/Fe3O4 composite nanotubes by chemical polymeriza-
ion assisted with ultrasonic irradiation [129]. To enhance
he compatibility between PANI and Fe3O4, Fe3O4 nanopar-
icles were capped with an aniline dimmer, which can
e covalently bonded with PANI. TEM images showed a
orphology with the nanotubes and Fe3O4 nanoparticles
ell dispersed in the PANI matrix. During the prepa-

ation of conducting polymers, an inorganic or organic
cid is often added to the reaction system as the dop-
ng agent to increase the conductivity of the conducting
olymers. Recently, scientists have found that novel con-
ucting polymer nanostructures can be synthesized in the
bsence of inorganic or organic acid, or even in a basic
olution [130–132]. 1D conducting polymers/metal oxide
anocomposites have also been fabricated in the absence
f acids [133–136]. Guo and co-workers demonstrated
hat rectangular tubes of PANI/NiO composites can be pre-
ared in the presence of SDBS without adding any acid
hrough a self-assembly process [134]. TEM images showed

hat the wall thickness of rectangular PANI/NiO composite
ubes was approximately 150 nm, with a length of sev-
ral micrometers. By changing the molar ratio of aniline
o NiO, nanobelts of PANI/NiO composite could also be
btained [135]. Ćirić-Marjanović et al. reported the simi-
ience 36 (2011) 671–712 679

lar self-assembly technique for the fabrication PANI/silica
composite nanotubes without any added acid, also in the
absence of any surfactants [136]. The weight ratio of silica
to aniline was found to influence the morphology of the
as-prepared PANI/silica nanocomposites. With an initial
weight ratio of silica to aniline lower than 0.2, nanotubes of
PANI/silica with an outer diameter of 100–250 nm and an
inner diameter of 10–80 nm can be observed, while only
nanogranules have been obtained as the weight ratio of
silica to aniline reaches about 2.

Similar to the fabrication of conducting polymer/metal
nanocomposites, 1D conducting polymer/metal oxide
nanocomposites could also be prepared via a one-step
approach. Zhang et al. demonstrated that PEDOT/�-
Fe3+O(OH,Cl) nanospindles can be synthesized through
chemical oxidation polymerization using FeCl3·6H2O as an
oxidant in the presence of CTAB and poly(acrylic acid) (PAA)
[137]. At the same time of the polymerization of EDOT,
FeCl3 would hydrolyze to form �-Fe3+O(OH,Cl), resulting
in the formation of PEDOT/�-Fe3+O(OH,Cl) nanospindles.
Microscopy revealed that the nanospindles had a length in
the range of 350–370 nm and a width of about 80–90 nm.
Single crystals of �-Fe3+O(OH,Cl) were dispersed in the
PEDOT matrix (Fig. 5). The reaction conditions, such as
the concentration of EDOT, the molar ratio of EDOT to
FeCl3·6H2O, the temperature, the type of oxidant, surfac-
tants and even solvents all influenced the morphology
of the as-synthesized products. The core-sheath structure
of conducting polymers/metal oxides is one of the most
interesting features of nanocomposites for the potential
synergic behavior between the good electrical conducting
polymers and a functional metal oxide. In a one-step pro-
cess, Li et al. presented an in situ polymerization method for
the fabrication of V2O5/PANI nanobelts with core-sheath
structure, without adding any other oxidant or initiator
[138]. In a typical polymerization, V2O5 acted not only
as a template, but also the oxidant for the preparation
of PANI. In an appropriate acidic solution, V2O5 can be
partly dissolved to form vanadic acid, which could func-
tion as an oxidant for the polymerization of aniline. The
results showed that V2O5/PANI core-sheath nanobelts with
a width and thickness of 400 and 50 nm had been formed.
Furthermore, the morphologies of the V2O5/PANI core-
sheath nanobelts are influenced by the pH of the solution
and the additional initiator.

Vapor-phase polymerization gives another versatile
approach for the fabrication of metal oxide/conducting
polymers core-sheath structures. Our group demonstrated
that core-sheath nanocables of TiO2/PPy can be obtained
by the polymerization of pyrrole on the surface of elec-
trospun TiO2 nanofibers, with FeCl3 as the oxidant [139].
The electrospun TiO2 nanofibers have a rough surface and
some voids, which favor the existence of FeCl3 oxidant
on their surface; thus pyrrole can be polymerized on the
surface of TiO2 nanofibers to form core-sheath structures.
TEM images showed a typical coaxial nanocable structure

of the TiO2/PPy nanocomposites obtained. The thick-
ness of the sheath of as-synthesized TiO2/PPy composite
nanocables is about 20 nm under such an experimental
procedure. However, the thickness of the conducting
polymer layers is not well controlled in the vapor-phase
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. (C) Hig
yright 2
Fig. 5. (A, B) SEM and TEM images of PEDOT/�-Fe3+O(OH,Cl) nanospindles
dles. (D) HRTEM image of PEDOT/�-Fe3+O(OH,Cl) nanospindles [137]. Cop

polymerization. Surfactant-directed in situ polymeriza-
tion approach can be used to prepare TiO2/PPy coaxial
nanocables with controlled thickness of the PPy layer
[140]. Very uniform and smooth PPy layer was coated
on the surface of electrospun TiO2 nanofibers via the
surfactant-directed polymerization with the assistance
of the ultrasonic irradiation. In addition to the surfac-
tants, block copolymers have also been used to direct the
formation of metal oxide/conducting polymers nanocom-
posites with core-sheath structure [141]. A poly(ethylene
oxide)–poly(propylene oxide)–poly(ethylene oxide)
(PEO–PPO–PEO) triblock copolymer, adsorbed on the
surface of titanate nanotubes during the process of the
polymerization of aniline, acting as a soft template for the
fabrication of titanate/PANI core-sheath nanotubes. TEM
images indicated that the outer layer was amorphous PANI,
while the inner layer was crystalline of titanate. Further-
more, PANI was almost uniformly grown on the surface
of titanate nanotubes to form titanate/PANI core-sheath
nanotubes with a smooth surface.

Hydrothermal reaction offers another simple approach
for the preparation of metal oxide/conducting polymer
core-sheath nanostructures. Li and co-workers synthesized
a series of metal oxide/conducting polymers, including
MoO3/PPy, MoO3/PANI, VO2/PPy, SnO2/PPy and so on,
via the hydrothermal reaction [142]. For example, TEM

images of MoO3/PPy proved that the core-sheath struc-
ture had formed. ED patterns and EELS spectra showed
that the core phase was the single crystalline MoO3 and
the amorphous PPy shell with average thickness of around
70 nm was coated on the surface of MoO3 nanobelts. The
h-magnification TEM image of a single PEDOT/�-Fe3+O(OH,Cl) nanospin-
008, American Chemical Society.

morphology and chemical structures of the core-sheath
MoO3/PPy nanostructures were dependent on the pH
and the reaction temperature. This approach provides a
general methodology for preparing many different kinds
of metal oxide/conducting polymer nanocomposites with
core-sheath structure.

2.4. 1D conducting polymer nanocomposites with
chalcogenides

The chalcogenides are compounds of the heavier chalco-
gens, including the sulfides, selenides, and tellurides. In this
section, we describe the synthetic methods of 1D conduct-
ing polymer nanocomposites with chalcogenides, which
are potentially applicable in nanoelectronics, solar cells,
batteries, and sensors. Alivisatos and co-workers reported
that poly-3(hexylthiophene) (P3HT)/CdSe nanorod com-
posites can be fabricated into efficient hybrid solar cells
with an amazing external quantum efficiency of over
54% [143,144]. Similar to the preparation of 1D metal
oxide/conducting polymer nanocomposites, chalcogenides
can be incorporated into 1D conducting polymers through
a self-assembly process. Surface modification chalcogenide
nanoparticles is necessary to disperse them in the con-
ducting polymer matrix. For example, mercaptocarboxylic
acid capped CdS nanoparticles can be well dispersed in

PANI wires through a self-assembly polymerization pro-
cess because the hydrogen bonding and/or electrostatic
interaction between carboxy group on the surface of CdS
nanoparticles and aniline during the process of the poly-
merization [145]. In a typical experiment, the molar ratio
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f CdS nanoparticles to the monomer of conducting poly-
ers has significant influence on the morphology of the

D nanocomposites. Template-directed techniques, which
re a versatile approach to synthesize 1D nanomaterials,
ave been demonstrated to be suitable for the prepa-
ation of chalcogenides/conducting polymers core-sheath
tructures. Lin and co-workers reported the fabrication of
dS/PANI coaxial nanocables by electrochemical synthe-
is in the AAO membrane employed as the hard template
146]. The diameter of the CdS core was about 50 nm, while
hat of PANI tube was around 90 nm.

In addition to the template technique, an in situ
olymerization at the organic solvent/water interfacial

ayer has been developed for the preparation of 1D
ulfide/conducting polymer nanocomposites with a core-
heath structure [147]. Smooth and uniform coaxial
anocables of Cu2S/PPy nanocomposites have been fabri-
ated by controlling the reaction conditions (e.g., a molar
atio of pyrrole to oxidant is 1:1 with 0.036 M pyrrole in
hloroform). Furthermore, the thickness of the PPy layer on
he surface of Cu2S nanorods can be controlled by adjust-
ng the polymerization time. The hydrothermal reaction

as also applied to prepare 1D Bi2S3/PPy nanocomposites
148]. TEM images showed the 1D core-sheath structure
f the Bi2S3/PPy nanocomposites. The PPy coating on the
urface of Bi2S3 nanorods was smooth and uniform in thick-
ess. Likely, the thickness of the PPy layer can be controlled
y changing reaction conditions. The results showed that
he thickness of PPy increased almost linearly with pyrrole

onomer concentration.
P–N junctions are very important in modern electronic

pplications. Conducting polymers, such as PANI and PPy,
re p-type semiconductors, while sulfide nanoparticles
re n-type semiconductors. Heterojunction nanowires con-
aining conducting polymers and sulfides could be good
andidates for fabrication of light controlled diode. Based
n this idea, Li and co-workers synthesized CdS/PPy het-
ro P–N junction nanowires by a template technique [149].
lement mapping and TEM images both proved the forma-
ion of the heterojunction structures. The nanowires had a
mooth surface with diameters in the range of 200–400 nm
Fig. 6). The heterojunction nanowires of CdS/PPy exhibited
nteresting photoelectrical properties.

.5. 1D conducting polymer nanocomposites with other
olymers

To enhance processability, mechanical and ther-
ochemical stability, conducting polymers are often

ombined with other insulating flexible polymers, such
s poly(vinylalcohol) (PVA), poly(methyl methacrylate)
PMMA), poly(vinylacetate) (PVAc), etc [36]. The electro-
pinning technique affords the most versatile and simple
pproach for the combination of 1D conducting poly-
ers with insulating polymers. When the conducting and

nsulating polymers are dissolved in a common solvent

ith acertain appropriate viscosity, they can be electro-

pun into composite nanofibers [150]. MacDiarmid and
o-workers demonstrated the fabrication of PANI/PEO
omposite fibers via co-electrospinning technique [151]. In
rder to increase the solubility of PANI, camphorsulfonic
Fig. 6. (A, B) TEM images of CdS/PPy heterojunction nanowire. Figure B
showing the interface of CdS/PPy heterojunction nanowire with higher
magnification. (C) HRTEM image of the interface of CdS/PPy heterojunc-
tion nanowire [149]. Copyright 2008, American Chemical Society.

acid was used as a dopant. Microscopic studies revealed
that the as-prepared PANI/PEO composite fibers have a
diameter ranging between 950 nm and 2.1 �m. Although
the diameter of the PANI/PEO composite fibers was quite
large, they had potential applications in electronic devices
and sensors. The composition of PANI and PEO in the
composite fibers can be controlled in a wide range by vary-
ing the ratio of PANI to PEO. Another type of conducting
polymers, poly-3-alkylthiophene (P3DDT), has also been
combined with PEO to form composite fibers by electro-
spinning their blends from chloroform solution [152]. The
results showed that the fiber diameter was approximately
1 �m, a similar order of magnitude with that of PANI/PEO
composite fibers. Furthermore, the PEO component can
be rapidly and completely removed by washing the com-
posite fibers with acetonitrile, resulting in the formation
of long and homogenous P3DDT fibers. Other conduct-
ing polymer/insulating polymer composite fibers, such as
PANI/PS and PANI/nylon-6 have also been synthesized
by co-evaporation electrospinning techniques [153–155].
In particular, composites based on the conducting poly-
mers and biodegradable and biocompatible polymers have
attracted attention for their potential applications in drug
delivery and tissue engineering. Mattoso and co-workers
synthesized p-toluene sulfonic acid doped PANI/poly(l-
lactic acid) (PLA) composite nanofibers by electrospinning
technique [156]. The composite nanofibers had diameters
in the range of 100–200 nm, much smaller than that of
PANI/PEO and PEDOT/PEO composite fibers. The composite

nanofibers have a lower degree of crystallinity because of
the strong interactions between PANI and PLA and the rapid
solvent evaporation during the electrospinning process.

Composite nanofibers may be formed from monomers
of conducting polymers polymerized in situ in an insu-
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ers thro
typical
. KGaA,
Fig. 7. Schematic illustration of the fabrication of PEO/PPy composite fib
PEO nanofibers containing the oxidant of FeCl3. The figure also shows the
the image is 500 nm [157]. Copyright 2005, Wiley-VCH Verlag GmbH&Co

lating polymer fiber matrix previously prepared by the
electrospinning technique. Oxidant should be incorpo-
rated into the electrospun insulating nanofibers to promote
polymerization of monomer taken up by exposure to
the vapor of the monomers, resulting in the forma-
tion of conducting polymers in the insulating nanofibers.
Kim and co-workers demonstrated the fabrication the
PPy/PEO composite nanofibers using such a strategy
[157]. The as-synthesized PPy/PEO composite nanofibers
had a diameter of around 96 ± 30 nm (Fig. 7). Similarly,
PPy/polyamide (PA-6), PPy (PANI, PEDOT)/PMMA, and
PPy (PANI, PEDOT)/PS composite nanofibers have also
been prepared using the electrospinning technique and
vapor deposition polymerization [158–160]. To synthe-
size conducting polymers/hydrophobic insulating polymer
(CP/HIP) composite nanofibers, such as conducting poly-
mers/PMMA and conducting polymers/PS, an organic
oxidant is usually needed. Shi and co-workers described
the fabrication of PPy (PANI, PEDOT)/PMMA, and PPy (PANI,
PEDOT)/PS composite nanofibers by incorporating benzoyl
peroxide (BPO) into PMMA and PS nanofibers by elec-
trospinning, followed by exposure to vapor momomers
of conducting polymers to initiate polymerization [159].
The content of conducting polymers can be controlled
by reaction conditions. Kim and co-workers also pre-
pared PEDOT/PS composite nanofibers with the combined
electrospinning and vapor deposition polymerization tech-
niques [160]. Instead of FeCl3 and BPO, they used ferric
p-toluenesulfonate as the oxidant to initial the polymeriza-
tion. The as-synthesized PS/PEDOT composite fibers would
completely melt to form a continuous film if exposed for
too long to EDOT monomer.

Core-sheath nanostructures of insulating/conducting

polymer composites could also be fabricated through
co-evaporation electrospinning. Mead and co-workers
demonstrated PS/PANI and polycarbonate (PC)/PANI
nanocomposites with a core-sheath structure prepared
by electrospinning their blends [161,162]. TEM images
ugh vapor-phase polymerization of pyrrole on the surface of electrospun
SEM image of the as-prepared PEO/PPy composite fibers. The scale bar in
Weinheim.

proved that the dark regions in the core were a PANI
phases a continuous fibrillar structure. By contrast, the light
regions presented PS or PC phases. A possible explana-
tion for the formation of core-sheath structure of PS/PANI
and PC/PANI nanocomposites can be ascribed to the high-
surface tension of PANI. A lower surface tension of the
electrospun solutions is known to prevent the formation
of beads [163]. After mixing PANI with PS or PC, the sur-
face tension of the electrospinning solutions decreased,
reducing the tendency to form beads and generating the
core-sheath structures. In addition, the incompatibility of
PANI and PS or PC and the low molecular of PANI may
also be important factors for the formation of core-sheath
structured nanocomposites. The viscosity of the system
would increase during on solvent evaporation in electro-
spinning. The low molecular weight endowed PANI with
enough mobility to complete the coalescence process prior
to solidification of the nanofiber. Moreover, PANI is poorly
soluble in chloroform, while PS or PC have a much better
solubility. Thus, PANI would begin to solidify first dur-
ing solvent evaporation, with PANI forming a core in a
sheath of PS or PC. Co-axial electrospinning techniques
offer another facile approach for the fabrication of insulat-
ing/conducting polymer nanocomposites with core-sheath
structures. The coaxial electrospinning setup utilizes two
capillary tubes as the spinnerets. Chen and co-workers
demonstrated the fabrication of core-sheath PMMA/P3HT
composite nanofibers via a two-fluid coaxial electrospin-
ning process [164]. Microscopic studies showed that the
diameter of the as-synthesized PMMA/P3HT composite
nanofibers was in the range of 500–700 nm. The sheath
composed of worm-like P3HT phase was clearly observed
on the surface of fibers.
Core-sheath nanostructures of insulating/conducting
polymer composites could also been prepared by in situ
polymerization of conducting polymers on the surface
of insulating polymer fibers. Jones and co-workers pre-
pared PMMA/PANI coaxial fibers by deposition PANI on
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lectrospun PMMA fibers via in situ chemical oxidative
olymerization [165]. The resulting PMMA/PANI coaxial
bers have a diameter of approximately 290 nm with a
ANI layer of around 30 nm thick. The organic solution
roperties have a significant influence on the morphology
nd diameter of the electrospun fibers. The same group
lso prepared PMMA/PPy coaxial nanocables using electro-
pun PMMA nanofibers as templates [166]. The thickness
f the PPy layer on the surface of PMMA fibers can be
ontrolled by the reaction time; a typical 8 min depo-
ition resulted in a 35 nm PPy wall. Furthermore, the
MMA/PPy coaxial nanofibers can be converted to hol-
ow PPy or carbon tubes by chloroform extraction and
hermolysis, respectively. Nylon-6/PANI composite fibers
ave been synthesized via the chemical polymerization
sing electrospun nylon-6 fibers as templates [167]. In
ddition to the chemical oxidative polymerization, con-
ucting polymers can be polymerized on the surface of
lectrospun polymer nanofibers by electrochemical poly-
erization. Martin and co-workers demonstrated the

eposition of PEDOT on the surface of drug-loaded electro-
pun poly(lactide-co-glycolide) (PLGA) nanofibers on the
lectrode sites [168]. The thickness of the as-synthesized
ore-sheath PLGA/PEDOT composite fibers was in the range
f 50–100 nm. Such nanomaterials can be used for con-
rolled drug delivery and had potential applications in
iomedical engineering and pharmacology.

As demonstrated by the preceding examples, the
emplate-directed method provides a powerful means to
abricate various 1D nanomaterials. Jang et al. demon-
trated the preparation of PPy/PMMA coaxial nanocables
sing mesoporous SBA-15 silica as a template [169]. Methyl
ethacrylate and pyrrole monomers were sequentially

olymerized inside the channels of SBA-15 silica using BPO
nitiator and iron chloride oxidant, respectively, resulting
n PPy/PMMA composites in the SBA-15 silica. PPy/PMMA
oaxial nanocables can be obtained on removal of the silica
emplate. Atomic force microscope (AFM) studies revealed
hat almost all the samples have an oriented and unidirec-
ional structure, indicating that the polymerization mainly
ccurs inside the channels of SBA-15 silica.

One of the important properties of conducting polymers
s their reversible doping–dedoping process. For exam-
le, inorganic acids, organic acids and even polymeric
cids are common dopants for PANI or PPy. Therefore,
nsulating polymers with an acid group can be easily com-
ined with conducting polymers by the doping process.
o obtain 1D conducting polymer nanocomposites, acidic
nsulating polymers can be directly combined with the
edoped conducting polymer nanofibers or nanotubes. On
he other hand, polymeric acids can also be covalently
onded with conducting polymers during polymerization.
opkins et al. prepared PANI/PS composite nanofibers

hrough an interfacial polymerization technique in the
resence of sulfonated PS [170]. The results confirmed
he formation of PANI/PS composite nanofibers with a

iameter about 40–50 nm. In addition to insulating poly-
ers, sulfonated conducting polymer can dope other

onducting polymers, affording conducting nanocompos-
tes. Wallace and co-workers prepared nanocomposites of
oly(2-methoxyaniline-5-sulfonic acid) (PMAS) (a deriva-
ience 36 (2011) 671–712 683

tive of PANI) with PANI using PMAS as the dopant [171].
The morphologies of the nanocomposites include both
well-fined nanofibers and nanoparticles with diameters
between 20 and 100 nm. Furthermore, the PMAS/PANI
composites exhibited very stable dispersion compared to
that of hydrochloric acids doped PANI nanofibers.

2.6. 1D conducting polymer nanocomposites with
biological materials

The composite materials generated from conducting
polymers and biological materials exhibited enhanced
physical and/or chemical properties compared to the neat
conducting polymers. For example, incorporating or immo-
bilizing enzymes into conducting polymer matrix provided
the nanocomposites with enhanced speed, stability, and
sensitivity properties as biosensors [172,173]. Many bio-
logical materials, including enzymes, DNA, RNA, proteins
(amino acids), antibodies, antigens, etc., have been incor-
porated into conducting polymers to form biologically
active composites for a variety of applications. Most pre-
vious studies focused on the fabrication of conducting
composites comprising polymers and biological materials
composites in the form of films on electrodes instead of
1D nanostructures. However, diffusion limited processes
and the transport of large ions and molecules will be
restricted for thick composite films with certain capaci-
ties. To improve the capacity of the electrode, fabrication
of thick films composed of fibers with porous structures
is an alternative approach. For high-surface area and the
presence of conducting polymer layers, films of compos-
ite fibers have applications in electrochemically controlled
ion exchange or separation devices, and potential use in
sensors.

1D conducting polymer nanocomposites with DNA
have been fabricated via several approaches [174–180].
He and co-workers demonstrated the fabrication of PANI
nanowires using DNA as templates on thermally oxidized
Si surfaces using a horseradish peroxidase (HRP) enzymatic
polymerization approach [174]. Typical synthetic proce-
dures involve three steps. First, the molecular combining
method is used to fabricate double-stranded DNA immo-
bilized on Si chip. Then protonated aniline monomers are
added and organized along the DNA chains. Finally, ani-
line momomers are polymerized along the DNA chains to
form a PANI/DNA composite nanowires. Compared to pre-
vious reports on the fabrication of PANI/DNA complexes,
this method prevents agglomeration of the DNA/PANI
strands during the polymerization process, leading to the
formation of 1D nanocomposites of PANI/DNA. The 1D mor-
phology of the PANI/DNA complexes have been proved
by AFM images, demonstrating that a thin layer less than
1 nm of PANI were fomed along the DNA templates. To
obtain continuous and conductive DNA/PANI composite
nanowires, a controlled acid solution with pH value around
4.0 was necessary to ensure the alignment of aniline

monomer along the DNA templates. In addition to the
HRP enzymatic polymerization approach, chemical poly-
merization oxidized by APS at moderate pH values and
photo-oxidation using a ruthenium complex as a photo-
oxidant has also been used to prepare DNA/PANI composite
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nanowires [175]. AFM images showed that chemical poly-
merization using APS as an oxidant seems to provide the
best 1D morphology of DNA/PANI nanocomposites either
in solution or on a chip; while less uniform DNA/PANI
composite nanostructures have been formed through the
photo-oxidation method. Double-stranded DNA could also
be immobilized on the conducting polymer nanofibers by
post-treatment. Malhotra and co-workers demonstrated
that DNA can be immobilized on the surface of PANI
nanofibers using avidin-biotin as cross-linking agent [176].
SEM images exhibited increased bright streaks on the sur-
face of PANI nanofibers, indicating the immobilization of
fibrous DNA molecules. Mousavi and co-workers prepared
PPy nanofibers with diameters in the range 30–90 nm by
electropolymerization using a normal pulse voltamme-
try method [177]. After adsorption of DNA, new peaks
attributed to the NH stretching vibration of nucleic acid
bases, NH–N hydrogen bonds, guanine, cytosine, adenine
and thymine were all observed, proving the formation of
DNA/PPy nanocomposites. PPy nanotubes functionalized
by carboxylic acid have also been used for the immobi-
lization DNA [178]. The carboxylates on the surface of PPy
nanotubes could act as binding sites for amino-terminal
DNA. Confocal laser scanning microscopy (CLSM) images
proved the successful DNA immobilization on PPy nan-
otubes.

Another nucleic acid, RNA, can also be used as a tem-
plate for the formation of RNA/PANI composite nanowires
[181]. First, the target microRNA (miRNA) is hybridized
with peptide nucleic acid capture probes, resulting in
a negatively charged surface. Then protonated aniline
molecules are added and aligned around miRNA strands
through electrostatic interaction. Similar with the for-
mation of DNA/PANI complexes, PANI wraps around the
miRNA template during the final polymerization process.
A sizable increase in the conductivity of miRNA/PANI
nanocomposites was observed after doping with HCl
vapor. Compared to DNA/PANI composite nanowires, the
morphology of miRNA/PANI nanocomposites comprises
overlapped nanowires, dots and even short rods. This may
be due to the short chain of the target miRNA used in
this study and agglomeration of PANI nanowires owing to
shielding of the negative charges on the miRNA template
during the polymerization process.

In addition to nucleic acids, enzymes have also been
incorporated into conducting a polymer matrix for biosen-
sor applications. As a transducer, a conducting polymer
can convert the chemical response into an electric cur-
rent. To enhance the sensitivity and the response time,
fabrication of 1D conducting polymers/enzyme nanocom-
posites with large surface area is a meaningful objective.
Syu and Chang demonstrated the immobilization of urease
onto PPy nanotubes over carbon paper substrate by a phys-
ical entrapment approach [182]. The composite electrodes
exhibited a detection sensitivity for the determination of
urea of 53.74 mV decade−1 and a detection limit on the urea

concentration of 1.0 �M. Such values are superior to most
biosensors of the same types reported in the literature. Fur-
thermore, the composite electrode shows rapid response,
storage stability and reusability. Lipase can also be cova-
lently immobilized onto PANI nanotubes with diameters
ience 36 (2011) 671–712

varying in the range of 120–275 nm via gultaraldehyde
reactions [183]. High enzyme loading onto PANI nanotubes
have been obtained for their fibrous network providing
the increased surface area. The PANI/lipase composite nan-
otubes can be used as biosensors for triglyceride detection.

Disaccharide and polysaccharide have been employed
as the templates for the preparation of 1D conducting
polymer nanostructures. At the same time, disaccha-
ride and polysaccharide have been incorporated into the
conducting polymer matrix to form 1D conducting poly-
mers nanocomposites [184–186]. Shinkai and co-workers
demonstrated a polymer wrapping technique to fabricate
PANI/schizophyllan (SPG) composite nanofibers [184]. SPG,
a natural polysaccharide, can act as a host to assemble PANI
into 1D nanostructures. TEM images showed that the diam-
eter of the composite fibers was about 10–15 nm, indicating
that several pieces of PANI were included in the SPG tubular
cavity. Ge and co-workers prepared PPy/heparin compos-
ite nanowires using heparin as the morphology directing
agent and an anion dopant [185]. The diameter of the
composite nanowires was approximately 90–100 nm. The
results suggested that the ratio of pyrrole to heparin had
much effect on the formation and the size of composite
nanowires.

Electrospinning provides a simple method for the fab-
rication of 1D conducting polymer/biological material
nanocomposites. Before electrospinning, biological mate-
rials are co-dissolved in one solvent with polymers. During
the evaporation of solvent in the electrospinning process,
solid fibers composed of polymer and biological materi-
als will form. Using such a technique, a natural protein,
gelatin/PANI composite nanofibers have been fabricated
for tissue engineering purposes [187]. The studies indicated
that the average diameter of the composite fibers changed
from 803 ± 121 to 61 ± 13 nm as the PANI fraction increased
from 0 to 5% w/w (Fig. 8).

2.7. 1D conducting polymer nanocomposites with metal
phthalocyanines and porphyrins

Generally, incorporating metal-phthalocyanines and
porphyrins into conducting polymer matrix will decrease
the conductivities of conducting polymers [188]. However,
such composites will show some enhanced chemical or
physical properties such as sensing for vapors in com-
parison with the conducting polymers alone [189,190].
It is well known that porphyrin tends to aggregate into
J-aggregate mode and one-dimensional rod-like struc-
ture, which can be used as template for polymerization
of momomers of conducting polymers to form 1D con-
ducting polymers/porphyrin nanocomposites [191–193].
Shinkai and co-workers demonstrated the fabrication of
PEDOT (PPy)/5,10,15,20-tetrakis(4-sulfonatophenyl) por-
phyrin (TPPS) composite nanorods using anionic TPPS
aggregates as a template through electrochemical poly-
merization [194] (Fig. 9). Ultraviolet-visible (UV–vis)

spectroscopy was used to characterize the aggregates
of TPPS in the film made of PEDOT fibers. The results
showed an exciton-coupling band (489 nm) and a Soret
band (429 nm). The red-shift of the Soret band in rela-
tion to that in dilute aqueous solutions suggests that



X. Lu et al. / Progress in Polymer Science 36 (2011) 671–712 685

F ith rati
w Ltd.

T
P
c
e
n
5

F
a
C

ig. 8. SEM images of (A) gelatin fibers and PANI/gelatin composite fibers w
ith increasing the concentration of PANI [187]. Copyright 2006, Elsevier

PPS was presented as the J-aggregates in the films of

EDOT fibers. Similar results were obtained for PPy/TPPS
omposite nanorods. SEM images gave a 30–50 nm diam-
ter and 300–500 nm length of PEDOT/TPPS composite
anorods; while PPy/TPPS composite nanofibers had a
0–80 nm diameter and 300–500 nm length. The tem-

ig. 9. SEM images of the as-synthesized PEDOT films electropolymerized
t each scan rate: (a) 10, (b) 200 mV s−1 [194]. Copyright 2003, American
hemical Society.
os of (B) 15:85; (C) 30:70; (D) 60:40. Figure shows the fiber size decreases

plate approach for the fabrication of 1D PEDOT/porphyrin
nanocomposites affords a good chance to combine the elec-
tronic and steric properties of porphyrin and conductive
properties of conducting polymers. The PANI/porphyrin
nanocomposites have been fabricated using the similar
approach [195,196]. To extend the functionalities of the
1D nanocomposites, metalloporphyrin has also been used
as template to synthesize 1D conducting polymer/cobalt
porphyrin nanocomposites through electrochemical poly-
merization. Similar to porphyrin, cobalt porphyrin can
also form J-aggregates, and many rod-like structures have
been observed after dispersing their aqueous solution onto
freshly cleaved mica. An electrochemically polymerization
forming PPy was templated by J-aggregates of cobalt por-
phyrin to form 1D PPy/cobalt porphyrin nanocomposites
in the presence of cobalt porphyrin in the pyrrole solu-
tion [197]. The diameter of the as-synthesized PPy/cobalt
porphyrin composite nanorods was around 50 nm when
the cobalt porphyrin solution was ultrosonicated for at
least 3 h before the electropolymerization of pyrrole on the
electrode surface. In the presence of cobalt porphyrin, the
composite nanorods exhibited excellent electrocatalytic
activity. Such composite nanorods of PPy/cobalt porphyrin
may also be applicable in energy storage systems, bio-
fuel cells, electrochemical and biosensors. The same group
also prepared 1D PANI/cobalt porphyrin nanocompos-

ite, using the same strategy [198]. The as-synthesized
PANI/cobalt porphyrin composite nanorods had a diame-
ter of 30–50 nm and a length of about 500 nm. The results
of the fabrication of 1D conducting polymer/porphyrin
(metal porphyrin) nanocomposites have several important
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lines of significance: namely, (1) 1D conducting polymer
nanocomposites can be easily synthesized by applying J-
aggregates of porphyrin (metal porphyrin) as templates;
(2) the produced nanocomposites combine the conductivi-
ties of conducting polymers and the photoluminescence or
electrocatalytic properties (or more other properties), pro-
viding a multifunctional nanomaterials; (3) 1D conducting
polymers/porphyrin (metal porphyrin) nanocomposites
could also be converted into 1D conducting polymer
nanostructures by dissolving porphyrin (metal porphyrin)
completely. It is reasonable to believe that this concept will
be a landmark reference for the fabrication of 1D multifunc-
tional nanomaterials.

2.8. 1D conducting polymer nanocomposites with
multi-components

As discussed in the preceding sections, many materi-
als have been combined with conducting polymers to form
1D nanocomposites. However, those nanocomposites only
include one other component in addition to the conduct-
ing polymers. To achieve multifunctional materials, two or
more than two nanocomponents are sometimes combined
with conducting polymers to form 1D nanocomposites.
For example, incorporating noble metal and magnetic
nanoparticles into conducting polymer matrix may pro-
duce a nanocomposite with conductive, magnetic and
catalytic properties. Among many kinds of 1D multi-
component nanocomposites, CNTs/conducting polymers
coaxial nanocables are often employed for loading other
functional nanoparticles. For example, metal and Fe3O4
nanoparticles are common functional nanoparticles to
combine with CNTs/conducting polymer coaxial nanoca-
bles for catalytic or biosensor applications. Lee et al.
prepared 1D PANI/CNTs/Au nanocomposites through a
one-pot synthesis in the presence of �-irradiation [199]. In
a typical preparation, a solution containing aniline, single
walled CNTs (SWNTs), CTAB, HAuCl4, and HCl was irra-
diated by �-ray (Co-60 source) to a total dose of 3 kGy
at room temperature, resulting in the formation of 1D
PANI/CNT/Au nanocomposites. TEM images showed that
Au nanoparticles with a diameter of about 5 nm were
decorated on the surface or entrapped in the layer of
CNT/PANI nanocomposites, however, the morphology of
the 1D CNT/PANI/Au nanocoposites was not very uniform.
Ramaprabhu and co-workers demonstrated the fabrica-
tion of 1D CNT/PPy/Co nanocomposites via a multi-step
method [200]. First, MWNTs were functionalized with car-
boxyl, carbonyl and hydroxyl groups by ultrasonication
them in aqua regia solution for 2 h. Then coaxial MWNT/PPy
nanocomposites were synthesized by chemical oxidative
polymerization of pyrrole on the surface of functionalized
MWNTs. At last, Co nanoparticles were deposited on the
surface of coaxial MWNT/PPy nanocomposites through the
reduction of cobalt nitrate by sodium borohydride in alkali
solution at 80 ◦C. Microscopic studies have shown that a

uniform dispersion of PPy was coated on the surface of
MWNTs, and Co nanoparticles were well dispersed over
MWNT/PPy composites. Performance studies showed that
1D MWNT/PPy/Co nanocomposites exhibited good dura-
bility for oxygen reduction activity.
ience 36 (2011) 671–712

In addition to metal, Fe3O4 nanoparticles are usu-
ally decorated on the surface or incorporated inside
1D CNTs/conducting polymer coaxial nanocomposites to
form electromagnetic functional materials. Zhang et al.
demonstrated the fabrication of CNT/PANI/Fe3O4 com-
posite nanotubes in two steps [201]. Nanoparticles of
Fe3O4 were achored on the surface of MWNTs via
an in situ approach. Then the CNT/Fe3O4 nanocompos-
ites were decorated with a thin PANI layer through a
self-assembly process. Microscopic results proved the core-
sheath structure of MWNT/PANI/Fe3O4 nanocomposites
and the attachment of Fe3O4 nanoparticles with an aver-
age diameter of around 17.6 nm. The molar ratio of the
oxidant to aniline monomer and the concentration of the
monomer had a significant effect on the morphologies of
the resultant MWNT/PANI/Fe3O4 nanocomposites. Chen
and co-workers prepared 1D CNT/PANI/Fe3O4 nanocom-
posites and used them as electrochemical biosensors [202].
Wu et al. prepared 1D CNT/PPy/Fe3O4 nanocomposites
through a different synthetic strategy [203]. They synthe-
sized mono-dispersed Fe3O4 nanoparticles with a diameter
of about 4 nm first. Then Fe3O4 nanoparticles were coated
onto functionalized MWNT through weak interactions
between Fe3O4 nanoparticles and the carboxyl, carbonyl
and hydroxyl groups on the surface of MWNTs. Finally,
PPy coatings were synthesized through in situ chemical
oxidative polymerization in the presence of an anionic
surfactant, e.g., sodium bis(2-ethylhexyl) sulfosuccinate
(AOT). The average diameter of the as-synthesized 1D
CNT/PPy/Fe3O4 nanocomposites ranged from 90 to 110 nm.

As mentioned above, 1D composite nanomaterials com-
posed of conducting polymers and insulating polymers
can be readily prepared by co-evaporation electrospin-
ning technique [204–206]. If one dissolves or disperses one
or more nanocomponents in the electrospining solution
system containing conducting and insulating polymers,
multi-component 1D conducting polymer nanocomposites
will be obtained after electrospinning process. For exam-
ple, PANI/PEO/MWNTs composite nanofibers have been
fabricated by electrospinning the solutions of their blends
[204]. TEM images showed that MWNTs with a diameter
in the range 10–20 nm were dispersed inside PANI/PEO
composite fibers, without substantial aggregation. The
good dispersion of MWNTs in the conducting polymer
matrix is achieved through the direct interactions between
MWNTs and conducting polymers. Using a similar proce-
dure, photoluminescent CdS quantum dots (QDs) can also
be incorporated into PANI/PEO composite nanofibers [205].
CdS QDs with a size range below 6 nm have been proved to
be homogenously distributed within the composite fibers.
The average diameter of the as-prepared PANI/PEO/CdS
composite nanofibers was around 450 nm. Enhanced pho-
toluminescence properties have been observed in such a 1D
electrospun nanocomposite, discussed in detail in the next
section. Assisted by the electrospinning technique, 1D con-
ducting polymer nanocomposites with multi-components

may also be fabricated via gas phase polymerization [207].
This process is similar to that for the fabrication of two com-
ponent nanocomposites. TiO2/ZnO composite nanofibers
have been prepared by electrospinning technique fol-
lowed by the calcination process. After the adsorption of
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eCl3 on the surface of electrospun TiO2/ZnO composite
bers, PPy layer can be generated on their surface through
apor-phase polymerization. This synthetic strategy can be
xtended to the fabrication of other kinds of 1D conducting
olymer nanocomposites with multi-components.

. Properties of 1D conducting polymers
anocomposites

Compared to conducting polymers alone, 1D conducting
olymer nanocomposites exhibit not only the conduction
roperties of conducting polymers, but also the physical
r chemical or biological properties of other nanocompo-
ents, and even some unexpected properties because of
ynergistic effects of the components. In this section, we
escribe in detail some representative properties of 1D
onducting polymer nanocomposites, including spectral,
lectronic, magnetic, wetting, and optical properties, as
ell as specific surface area.

.1. Spectral properties

.1.1. Fourier transmission infrared (FTIR) and Raman
pectra

1D conducting polymer nanocomposites have the char-
cteristic absorption bands of conducting polymers, which
an be readily established by the FTIR and Raman spec-
roscopy. In some cases, there are differences in the spectral
roperties between 1D conducting polymer nanocompos-

tes and the neat conducting polymers because of the
ncorporation of one or more other nanocomponents.
n general, the spectral properties of conducting poly-

ers are quite complicated. On one hand, the backbone
tructure is distinct for different kinds of conducting poly-
ers, and on the other hand, most conducting polymers

ave different types of reversible oxidation/reduction and
oping/dedoping states. Herein, we discuss mainly some
pectral properties alterred after introducing nanocompo-
ents into conducting polymers.

Ćirić-Marjanović et al. studied the FTIR and Raman
pectra of PANI/silica composite nanotubes synthesized
y a self-assembly process [136]. Obviously, both the
haracteristic bands of PANI and silica in the FTIR spec-
ra were observed in PANI/silica composite nanotubes.
or example, the quinonoid (Q) and benzenoid (B) ring
tretchings appeared at ∼1580-1570 and ∼1493 cm−1,
ndicating the formation of emeraldine salt state of PANI
n the PANI/silica composite nanotubes. After deprotona-
ion by ammonium hydroxide, these two bands shifted to
1590 and ∼1504 cm−1, respectively. Two additional typ-

cal bands observed at 1397 cm−1 and 1300–1308 cm−1 in
he FTIR spectra of PANI/silica composite nanotubes are
ttributed to the C–N stretching vibration and C–N stretch-
ng of secondary aromatic amine in the emeraldine base of
ANI. Furthermore, the PANI bands at 1568 and 1302 cm−1

hifted to 1581 and 1308 cm−1 when the weight ratio of sil-

ca to aniline was increased from 0.02 to 2.0, indicating the
nhanced strong interactions between PANI chains and sil-
ca. Upon doping (i.e., protonation), the FTIR spectra of the
ANI/silica composite nanotubes showed two bands due
o the C–NH+ stretching and the stretching of –NH+ (in
ience 36 (2011) 671–712 687

the B–NH+ Q segment) at ∼1244 and ∼1146 cm−1, respec-
tively, which confirmed the formation of emeraldine salt
state of PANI. Surprisingly, the two bands at ∼1244 and
∼1146 cm−1 could still be observed after dedoping (i.e.,
deprotanation), suggesting NH+–−O–Si+ and NH+–−O–Si+

interactions between PANI and silica. In addition to the
bands of PANI, the typical stretching and deformation
vibrations of Si–O–Si at 1105, 810, and 474 cm−1 have also
been observed, indicating the formation of 1D PANI/silica
nanocomposites. Similar to the FTIR spectra, typical Raman
bands of PANI were observed in PANI/silica composite
nanotubes. In particular, the observation of band at 1343-
1338 cm−1 ascribed to the C–NH•+ stretching indicates that
the PANI/silica composite nanotubes are in the doped state.

Lefrant et al. reported the vibrational properties of
SWNT/PANI and SWNT/PEDOT composite nanotubes by
means of FTIR and Raman spectroscopy [208]. The results
showed that the vibrational properties depended on the
preparation method. For the 1D SWNT/PANI nanocom-
posites synthesized by electrochemical polymerization
approach, the intensity of Raman band associated with
the radial breathing modes of bundled tubes at 178 cm−1

increased gradually as the number of cycles increased from
25 to 75, while the radial breathing modes of isolated tubes
at 164 cm−1 decreased sharply, indicating that additional
roping of nanotubes with PANI took place. A decrease in
the intensity of the Raman band at 178 cm−1 was observed
as the number of cycles was increased from 100 to ca. 300.
After 300 cycles, the Raman spectrum exhibited the domi-
nated features of emeraldine salt state of PANI. In the FTIR
spectra, besides the typical bands of PANI, two new adsorp-
tion bands associated with deformation vibrations of the
benzenoid and quinoid ring at ∼770 and 740 cm−1 were
observed, which was attributed to the strong hindrance
effects induced by the strong interactions between SWNTs
and PANI chain. The authors also studied the Raman spec-
tra of SWNT/PEDOT composite nanotubes synthesized via
electropolymerization. The results were similar to those
with SWNT/PANI composite nanotubes in the 50–250 cm−1

spectral range; an up-shift of the radial breathing modes
Raman line associated with individual and bundled tubes
was observed. Typical adsorption bands of both PEDOT
and SWNTs appeared in the 900–1780 cm−1 spectra range.
The intensity of the PEDOT Raman signal increased with
increasing numbers of cycles. The Raman spectra proved
that the side walls of SWNTs were functionalized with
PEDOT.

The vibrational properties 1D MWNT/PANI nanocom-
posites synthesized by ultrasonically assisted in situ
chemical oxidative polymerization have been well stud-
ied [209]. As expected, the main bands attributed to the
vibrations of PANI were all observed, while the specific
peak of MWNTs was relatively weak for their existence
as a core in the nanocomposites. Similar to the observa-
tions with the PANI/silica composite nanotubes, some of
the characteristic bands of PANI shifted to higher frequency
with increasing MWNTs content. For example, the C N

band shifted from 1120 cm−1 of pure PANI to 1140 cm−1,
and the C–NH•+ stretching vibration moved from 1235 to
1250 cm−1 in MWNT/PANI nanocomposites. Similar shifts
have also been observed for C C stretching vibration in
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benzenoid and quinoid rings. Generally, the intensity of the
C C stretching vibration in benzenoid ring is smaller than
that in quinoid ring for pure PANI. However, an inversed
intensity ratio of benzenoid/quinoid was observed in the
spectrum of MWNT/PANI nanocomposites. Moreover, the
value of Iquinoid/Ibenzenoid increased with increasing MWNTs
content in the MWNT/PANI nanocomposites, indicating the
stronger interactions between MWNTs and the quinoid
than the benzene ring. Raman spectra gave another evi-
dence for the interactions between the two components in
PANI/MWNTs. Compared to the spectra of pure PANI, the
C–NH•+ stretching peak shifted from 1339 to 1350 cm−1 in
the nanocomposites with more than 50 wt% MWNTs con-
tent, indicating the strong interactions between MWNTs
and PANI.

3.1.2. UV–vis spectra
The electronic structure of 1D conducting polymer

nanocomposites can be characterized by means of UV–vis
spectroscopy. Generally, conducting polymers have a broad
UV–vis adsorption band, due to the wide distribution
of conjugated chain length of conducting polymers. For
example, the UV–vis spectra of pure PANI in the emeral-
dine salt state usually display three distinct adsorption
bands. One is centered at approximately 300–360 nm,
attributed to a �–�* electron transition within ben-
zenoid segments. The second band is usually observed at
around 400–450 nm, related to the polaron–�* transition
of PANI. The third absorption band which usually appears
at wavelengths higher than 700 nm, with a long tail, is
assigned to the �–polaron transition [50]. After combin-
ing with other components to form nanocomposites, the
�–polaron transition is usually shifted to a lower wave-
length, revealing interactions between nanocomponents
and the quinoid rings of PANI. Our group has studied
the UV–vis spectra of PANI/Fe3O4 composite nanotubes
synthesized via ultrasonic assisted in situ polymerization
method [129]. The characteristic bands of PANI ascribed to
�–�*, polaron–�* and �–polaron transition were observed
at ∼280–340, ∼400–450 and 780–900 nm, respectively.
As the content of Fe3O4 was increased from 0 to 20 wt%,
the �–polaron transition in the UV–vis adsorption spectra
shifted from 870 to 830 nm, indicating strong interac-
tions between PANI and Fe3O4. Furthermore, the dispersion
state was also found to affect the UV–vis adsorption
spectra of PANI/Fe3O4 composite nanotubes. The bet-
ter dispersion of Fe3O4 nanoparticles in PANI matrix
would lower the �–�* transition in the UV–vis adsorption
spectra.

In addition to 1D PANI/Fe3O4 nanocomposites, the
UV–vis properties of 1D MWNT/PPy/Fe3O4 nanocompos-
ites have been well studied, which yielded some insights of
the interfacial interactions between PPy and Fe3O4 coated
MWNTs [203]. For doped PPy, there are two characteristic
absorption peaks. One is centered at around 467 nm, which
is ascribed to the transition from the valence band to the

antibonding polaron state. Another appears at >800 nm,
with a long tail, attributed to �–polaron transition. The
strong interaction between PPy and Fe3O4 coated MWNTs
has been proved by the blue shift of the polaron–� transi-
tion. When the content of Fe3O4 was increased from 0 to
ience 36 (2011) 671–712

2.4 wt%, the polaron–� transition band shifted significantly
from 467 to 431 nm, suggesting that the quinoid ring of PPy
interacted strongly with Fe3O4 coated MWNTs.

3.1.3. Circular dichroism (CD) spectra
Chirality is an important subject in the field of chem-

istry, physics, materials science and especially biology
[210–213]. Chiral conducting polymers have attracted
much attention in the past decade for their potential
applications in the field of sensors, chiral separation and
surface-modified electrodes. It is commonly believed that
the helical conformation of main chains could induce
chirality. In many cases, the helical conformation of con-
ducting polymer chains is induced by a chiral dopant or a
chiral template. Akagi et al. demonstrated the fabrication
of helical PA fibers using chiral nematic (N*) liquid crystals
(LCs) as templates [214]. The helical conformation exhib-
ited induced circular dichroism (ICD) in CD spectra. The
PA fibers synthesized in the presence of (R)- and (S)-chiral
nematic LCs exhibited positive and negative Cotton effects,
respectively, in the region from 450 to 800 nm, indicating
that the chains of PA fibers were helically screwed. Fur-
thermore, the positive Cotton effect was bigger than the
negative one, showing the degree of helicity in R–PA chain
was more than that in the S–PA. The SEM images showed
the helical fibrillar morphologies of the as-prepared PA
with counterclockwise and clockwise directions, consis-
tent with the CD spectra.

In addition to PA, optically active PANI and PPy
nanocomposites were widely studied because their heli-
cal conformation can be easily induced by chiral dopants.
d- or l-CSA is the most used chiral dopant for the forma-
tion of chiral PANI, PPy and their nanocomposites because
it could induce the helical conformation of PANI and PPy
by either post processing or in situ polymerization meth-
ods. Wang and co-workers prepared chiral PANI/PAA/CSA
nanocomposites using PAA as a template and CSA as chi-
ral inducing agent [215]. The CD spectra of as-synthesized
PANI/PAA/CSA nanocomposites exhibited their peaks. The
first peak at 290 nm can be attributed to (+)-CSA. The
other two peaks at 440 and 500–800 nm resulted from
the chiral PANI. In order to establish this, the CD spec-
trum of PANI/PAA nanocomposites was also studied after
removing the chiral CSA dopant; the CD peaks from PANI
remained, indicating that chirality of PANI/PAA/CSA orig-
inated from the chiral conformation of the polymer, not
the existence of chiral CSA molecules. To achieve the PANI
nanocomposites with high chirality, the authors devel-
oped an aniline oligomer-assisted polymerization method
to prepare PANI/CSA nanofibers [216]. Aniline oligomers
have lower redox potentials, which accelerates the poly-
merization reaction and can they be used as the initiators or
seeds for the growth of chiral PANI. The results showed that
the as-synthesized PANI/CSA nanofibers had stronger chi-
rality than the PANI/CSA synthesized in the absence of the
aniline oligomer. Furthermore, the high chirality remained

after the CSA was removed. In order to avoid the persulfate
and sulfate ions competing with chiral CSA in the chemical
oxidation polymerization, which could lessen the chirality
of PANI, the electrochemical polymerization was also used
to prepare films of optically active PANI/CSA nanofibers
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217]. The results exhibited an anisotropic factor of 25%
igher than that of synthesized via a chemical polymeriza-
ion method.

Wei and co-workers clearly observed helical PANI
anofibers induced by large amounts of chiral CSA as
opants [218]. SEM images showed that the dopant d-CSA

nduced right-handed helical PANI nanofibers, while l-CSA
roduced left-handed helical PANI nanofibers. The corre-
ponding CD spectra of the two kinds of PANI nanofibers
ere mirror images. The peaks at 420 and 780 nm which

orresponds to the �–�* transition of the polarons in chiral
ANI were observed. Moreover, the extent of the chirality
as related to the concentration of aniline and the molar

atio of CSA to aniline. A high chirality of PANI nanofibers
an be obtained at the concentration of aniline = 0.05 M and
he molar ratio of CSA to aniline = 80. In addition to CSA, the
hirality could also be induced by other chiral molecules,
uch as dextran sulfate, 2-pyrrolidone-5-carboxylic acid,
tc [219,220].

The chirality of CSA doped conducting polymers/CNTs
omposite nanofibers has been widely studied for their
ulti-functionality. As the first example, chiral CNT/PANI

omposite nanofibers were synthesized by an in situ poly-
erization approach with optically active CSA as the

opant [221]. The CD spectra of CSA doped CNT/PANI com-
osite nanofibers exhibited optical activity with bands at
24, 458 and 748 nm, similar to that for CSA doped PANI,

ndicating that the CNTs did not inhibit the optical activ-
ty of conducting polymers. Unfortunately, the CSA doped
NTs/conducting polymer composite nanofibers prepared
y this in situ polymerization method had low abso-

ute stereochemical selectivity. To enhance the chirality
f CNTs/conducting polymer composite nanofibers, ani-
ine oligomer was added to the reaction system during
he chemical polymerization [222–224]. The CD spectra
f such composite nanofibers dispersed in aqueous media
onfirmed enhanced absolute stereochemical selectivity
Fig. 10). The presence of CNTs had significant effect on
he absolute stereochemical selectivity for the composite
anofibers. The highest absolute stereochemical selectiv-

ty was obtained with a 0.5:100 weight ratio of CNTs to
niline [222]. The as-prepared chiral CNT/PANI compos-
te nanofibers under the above optimized conditions had

high anisotropy factor of 1.098 × 10−2, 25% higher than
hat for chiral PANI nanofibers in the absence of CNTs.

.2. Electrically conductive properties

After doping, the electrical conductivity of conducting
olymers can reach as high as 100 to 104 S/cm, nearly

n the “metallic” conducting regime. In particular, the 1D
anostructures of conducting polymers have much higher
lectrical conductivities than their powders. For example,
artin prepared 1D PANI nanostructures by a hard tem-

lated method and studied their electrical conductivities
14]. The results showed that the electrical conductivity of a

ingle nanofiber one or two orders of magnitude larger than
he maerial in pellet nanotubes or nanowires. Furthermore,
he conductivity of 1D PANI nanostructures increased with

decrease in diameter, exhibiting a size effect on the
onductivity. Chen and co-workers studied the electrical
Fig. 10. (A) UV and (B) normalized CD spectra of PANI/MWNT nanocom-
posite with different weight ratio of MWNT/aniline in aqueous solution
[222]. Copyright 2007, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

conductivity of PANI nanotubes synthesized by a template
free approach [225]. In comparison to nanotube pellet, it
was found that the conductivity of a single nanotube was
enhanced by two orders of magnitude.

Combining another component with conducting poly-
mers will enhance or decrease their electrical conduc-
tivities. Generally, incorporating an insulating component
into 1D conducting polymer nanomaterials will decrease
the electrical conductivity because of the partial block-
age of conductive path by the insulating component. A
typical example is 1D conducting polymer/Fe3O4 com-
posite nanofibers synthesized by a self-assembly process
[226]. The results showed that the resistivity of NSA doped
PANI/Fe3O4 composite nanowire pellets increased with
decreasing temperature, which is a typical semiconduct-
ing behavior. The electrical conductivity of NSA doped
PANI nanotubes in the absence of Fe3O4 was 0.154 S/cm,
which decreased to 0.13 and 0.045 S/cm after combining
with 6 and 20 wt% Fe3O4 nanoparticles, respectively. The
decrease of the composite conductivity is attributed to the
increased charge carrier scattering between NSA doped

PANI and Fe3O4 nanoparticles. Furthermore, the conductiv-
ity of PANI/Fe3O4 decreased with decreasing temperature,
following quasi-1D the variable range hopping conduc-
tion model. As the Fe3O4 nanoparticles embeded in the
PANI matrix interrupted the doping process, interactions
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Fig. 11. (A) Temperature dependence of the resistance of the typical single
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between Fe3O4 and PANI increased the localization of
charge carriers, and thus increased the resistivity of the
sample, similar to the behavior of the system of polyani-
line and Na+-montmorillonite clay nanocomposite [227].
A similar decrease in electrical conductivity was also
observed in various kinds of 1D conducting polymer
nanocomposite systems [133,151].

On the hand, incorporating another nanocomponent
with high electrical conductivity into conducting polymers
may enhance the conductivity of nanocomposites. Gener-
ally, CNTs have much higher electrical conductivity than
most of conducting polymers, such as PANI and PPy. The
CNTs could serve as a “conducting bridge” between con-
ducting domains after their introduction to the conducting
polymers, thus enhance the electrical conductivities of con-
ducting polymers [228–230]. Chen and co-workers have
studied the electrical conductivities CNT/PANI composite
nanocables in detail [231]. The conductivity of pure PANI
was 1.1 × 10−2 S/cm, increasing to 1.27 S/cm with 24.8 wt%
CNTs loading. Meanwhile, the temperature dependence of
conductivity became weaker with increasing CNT loading.
It was believed that the strong interactions between CNTs
and PANI chains played an important role in the enhance-
ment of the electronic properties of PANI because they
increased the delocalization length of CNT/PANI compos-
ite nanocables. The conductivity of well aligned CNT/PANI
nanocomposites synthesized by in situ polymerization has
also been fully studied [232]. It was found that the room
temperature conductivity was enhanced by one order of
magnitude compared with that of PANI. Furthermore, the
conductivity of well aligned CNT/PANI nanocomposites
decreased with decreasing temperature, indicating a typi-
cal semiconductor behavior. Similar results have also been
obtained for the CNT/PPy composite nanocables [233]. The
conductivity increased from 7.3 × 10−3 to 0.23 S/cm as the
CNT loading increased from 0 to 23.1%, representing an
increase by two orders of magnitude. The results from
temperature dependence of the conductivity indicated a
percolation threshold in CNT/PPy composite nanocables
between 15 and 20 wt%.

In addition to CNTs, incorporation of metal nanopar-
ticles into conducting polymers can also enhance the
electrical conductivity of conducting polymers [126]. Simi-
lar to the functions of CNTs, metal nanoparticles could also
act as a “conducting bridge” between conducting polymer
domains to enhance the electric properties of conduct-
ing polymers. For example, there was an increase by 50
times in electrical conductivity for PANI/Au composite
nanofibers. The typical value of the electrical conductiv-
ity for the PANI nanofibers oxidized by APS was 0.02 S/cm,
whereas that of PANI/Au composite nanofibers synthe-
sized by � rays irradiation method reaches about 1 S/cm.
The electrical conductivity of a single Au/PANI nanoca-
bles synthesized via a self-assembly process has also been
investigated [122,234]. The results showed that the con-
ductivity of as-synthesized Au/PANI nanocables, about

77.2 S/cm, was much higher than the 31.4 S/cm of a sin-
gle CSA doped PANI nanotubes (Fig. 11). These results fully
demonstrated that the electrical conductivity of conduct-
ing polymers can be further improved by embedding metal
nanoparticles.
Au/PANI nanocable. (B) Plot of ln R(T) versus T−1/4 (R was measured in
Ohms). Inset: SEM image of the fabrication of a single Au/PANI nanocable
and one pair of Pt microleads [122]. Copyright 2006, Wiley-VCH Verlag
GmbH&Co. KGaA, Weinheim.

3.3. Magnetic properties

The magnetic properties of conducting polymers have
been extensively studied because they provide impor-
tant information on charge carrying species and unpaired
spins [235–238]. However, the usually very low mag-
netic susceptibility limits their practical applications.
Composite nanomaterials containing conducting polymers
and magnetic nanoparticles such as iron oxides have
good electromagnetic functions, which can be applicable
in electro-chromic devices, electromagnetic interference
shielding, and nonlinear optical systems. Our group has
studied the magnetic properties of PANI/Fe3O4 compos-
ite nanotubes synthesized by an ultrasonic irradiation
technique [129]. These composite nanotubes showed a
superparamagnetic behavior with zero coercive force (Hc),
and a saturated magnetization (Ms) of 8 and 12 emu/g at
room temperature for samples containing 10 and 20 wt%
Fe3O4 nanoparticles, respectively. The superparamag-
netism of as-synthesized PANI/Fe3O4 composite nanotubes
was attributed to the grain size of Fe3O4 nanoparticles
decreasing to a critical size (an order of 10 nm). Long et

al. studied the magnetic properties of PANI/Fe3O4 compos-
ite nanorods prepared via a self-assembly technique [226].
The results showed that the coercive force was 55–65 Oe
at room temperature, which may be due to large size
or aggregation of a few Fe3O4 nanoparticles. The satu-



X. Lu et al. / Progress in Polymer Sc

F
a
B

r
c
3
u
b
s
u
o
l
P
r
p
t
F
r
i
t
m
n
n
s
t
t
n

separation of the photo-generated electrons and holes.
Furthermore, a blue shift in the photoluminescence spec-
ig. 12. Magnetization as a function of the applied field plots at (A) 300 K
nd (B) 4 K for PANI/Fe3O4 nanostructures [226]. Copyright 2005, Elsevier
.V.

ated magnetization of PANI/Fe3O4 composite nanorods
ontaining 20 wt% Fe3O4 nanoparticles was 3.45 emu/g at
00 K, lower than that of our sample [129]. The low sat-
rated magnetization may be due to a weak interaction
etween PANI and Fe3O4 nanoparticles. Compared to the
elf-assembly method, the samples synthesized through
ltrasonic irradiation technique facilitate the dispersion
f Fe3O4 nanoparticles. Furthermore, the addition of ani-
ine dimmer-COOH enhanced the interactions between
ANI and Fe3O4 nanoparticles, which increased the satu-
ated magnetization. Long et al. also studied the magnetic
roperties of PANI/Fe3O4 composite nanorods at lower
emperatures [226]. At 4 K, both the Hc and Ms increased.
or example, the Hc and Ms reached 110 Oe and 4.21 emu/g,
espectively, for PANI/Fe3O4 composite nanorods contain-
ng 20 wt% Fe3O4 nanoparticles (Fig. 12). The increase of
he Hc and Ms was related to the frozen of the magnetic

oments. The magnetic susceptibility of the composite
anorods was also measured. Compared to pure Fe3O4
anoparticles, the peak temperature of the AC magnetic
usceptibility of the composite nanorods shifted to a higher

emperature because more thermal energy was needed
o overcome the interactions between PANI and Fe3O4
anoparticles.
ience 36 (2011) 671–712 691

In addition to 1D PANI/Fe3O4 nanocomposites, the mag-
netic properties of PANI/Fe2O3 composite nanoneedles
have been well studied [127]. Different from PANI/Fe3O4
nanotubes and nanorods, PANI/Fe2O3 composite nanonee-
dles exhibited a ferromagnetic behavior. For PANI/Fe2O3
composite nanoneedles containing 33.3 wt% Fe2O3, the Hc

and Ms were 416 Oe and 16 emu/g, respectively. Compared
with pure Fe2O3 nanorods, the Hc increased because of
the interactions between polaron PANI and Fe2O3 needles.
The magnetic properties of 1D conducting polymers/Fe,
Co, Ni nanocomposites have also been extensively studied
[109–111]. The coercivity and remanence of the compos-
ites generally showed a characteristic of high anisotropy. As
an example, for PANI/Co nanocomposite, when an applied
field is parallel to PANI/Co composite nanowires, rema-
nence reaches a maximum; while a maximum Hc was
obtained with an applied field perpendicular to the PANI/Co
composite nanowires.

3.4. Optical properties

As an emerging class of materials, nanostructured
semiconductors have been extensively explored over the
past decades for their unique tunable optical proper-
ties, which are potentially applicable in nanophotonic
devices. In particular, 1D nanostructured semiconductors
exhibit photonic confinement in two dimensions, suitable
for the fabrication of photodetectors, photochemical sen-
sors, and photonic wire lasers [239–242]. On the other
hand, the introduction of a second phase of conjugated
polymers could further modify physical and chemical
properties of semiconductors. Lin and co-workers studied
the optical properties of CdS/PANI composite nanoca-
bles synthesized by electrochemical technique [146].
The photoluminescence spectrum of CdS/PANI compos-
ite nanocables had similar features to CdS nanowires,
however, signal intensities were significantly enhanced
(Fig. 13). Such a photoluminescence enhancement was
due to the photo-generated carriers transfering from PANI
layer into CdS nanowires. The conduction band edge of
PANI was higher than that of CdS, while the valence
band edge of PANI was lower than that of CdS. The
photo-generated electrons of PANI transfer to the con-
duction band of CdS, and the photo-generated holes of
PANI transfer to the valence band of CdS. Compared to
pure CdS nanowires, the total concentration of carriers of
CdS increased greatly in CdS/PANI composite nanocables,
enhancing the photoluminescence properties of compos-
ites. The increased optical properties of semiconductors by
conducting polymers have also been observed in 1D elec-
trospun PEO/PANI/CdS three-component systems [205].
Similarly, the photoluminescence intensity of the semi-
conductor has been increased remarkably by introducing
the component of conducting polymers. The mechanism
of the photoluminescence enhancement was similar to
that of CdS/PANI composite nanocables, attributed to
tra was also observed, attributed to the increase in the
emissive energy. In addition to sulfide semiconductors,
it was reported that composites of carbon nanomateri-
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Fig. 13. (A) TEM image of CdS/PANI coaxial nanocable: (a) PANI sheath, (b)
CdS core. (B) Photoluminescence spectra of CdS nanowires and CdS/PANI

results exhibted that the wettability was correlated to the
coaxial nanocable in distilled water. (The samples was immersed in 0.5 M
NaOH solution and then washed with water several times, excitation
wavelength = 300 nm) [146]. Copyright 2005, Elsevier B.V.

als with conjugated polymers had promise for application
in photovoltaic devices [243]. However, the PL efficiency
reduced drastically after introducing CNT into a PPV matrix.
The reduction of the PL efficiency can be ascribed to the
transfer of excitons and partial hole from PPV chains to
MWNTs, together with scattering and absorption by the
MWNTs.

The photoluminescence properties of 1D PMMA/P3HT
composite fibers with core-sheath structure have also been
investigated, exhibiting an interesting time-dependent
characteristic [164]. The emission maxima of the as-
synthesized PMMA/P3HT composite nanofibers located at
667 nm after one day, while it shifted to 567 and 507 nm
upon exposure to air under light for 1 and 2 weeks, respec-
tively. The blue shift of the luminescence spectra was
attributed to the reduced conjugated length of P3HT as
a result of chain scission. As shown by electron para-
magnetic resonance spectra, on exposure to air under

light, P3HT photo-degrades, and then forms a P3HT•O2
charge-transfer complex. More interesting, the compos-
ite nanofibers showed much better sensitivity than that
of the spin-coated P3HT film, which could be due to the
ience 36 (2011) 671–712

porous structures and large surface area of the membrane
of composite fibers.

3.5. Wettability

Wettability is one of most important properties to
a solid surface, relevant in myriad applications includ-
ing self-cleaning surfaces, microfluidics, controlled drug
delivery, and bio-separation [244–246]. Wetting proper-
ties rely on the chemical composition and topographic
structure of the solid surface. In the past several years,
the wettability of conducting polymers has been widely
studied. Generally, conducting polymers are hydrophilic,
even in film formed of nanofibers. For example, the contact
angle (CA) of PANI with sub-micro/nanostructured den-
drites immobilized on poly(propylene) film grafting with
PAA was close to 0◦, exhibiting a superhydrophilic prop-
erties [247]. The PPy nanowires film doped by organic
diacids or triacid synthesized in the presence of cationic
surfactant (hexadecyltrimethylammonium bromide) also
showed a superhydrophilic property with a CA about 0◦

[248]. As mentioned above, the wetting properties can be
governed by both chemical composition and geometrical
microstructure. A film of conducting polymers with super-
hydrophobic (CA > 150◦) properties can be fabricated by
doping hydrophobic acids, such as perfluorooctane sul-
fonic acid (PFOSA) and the construction of micro- and
nanostructures. For example, the CA of water sphere
formed on rambutan-like PANI hollow spheres doped
with PFOSA could reach as high as 164.5◦, revealing
the superhydrophobic nature [249]. Similarly, the water
CA on the surface of the dandelion-like microstructures
was estimated to be ca. 152.3◦, also exhibiting superhy-
drophobic characteristics [250]. A reversibly switchable
superhydrophobic and superhydrophilic surface can also
be observed by controlling the chemical composition of
conducting polymers (doping with PFOSA and dedoping)
[251,252].

Incorporating a second inorganic component into con-
ducting polymers will enhance their CA [128]. The CA
of NSA doped PANI nanotubes was estimated to be ca.
53.5◦, showing hydrophilic properties. After introducing
TiO2 nanoparticles in PANI nanotubes, the composites
exhibited an increased CA, about 98.5◦ at the concentra-
tion of TiO2 = 0.08 M. Although the 1D nanocomposites of
PANI/TiO2 did not show a superhydrophobic charateris-
tics, it was expected that such a research direction might
provide a simple strategy for controlling the wettability of
conducting polymers.

Combining a second polymer phase into conducting
polymers to form membranes of composite nanofibers
using electrospinning technique is another facile approach
to fabricate a superhydrophobic surface. Jiang and co-
workers have prepared azobenzenesulfonic acid doped
PANI/PS composite film, which showed superhydropho-
bic properties with a CA larger than 150◦ [154]. The
content of PS. When the content of PS increased from
4.53 to 7.10%, the CA for water decreased slightly from
166.5 ± 2.4◦ to 154 ± 2.1◦, due to the change of the rough-
ness, and consistent with the PS content. Furthermore,
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Fig. 14. (A) Water droplet on the surface of PAN/PANI coaxial nanofibers, showing a superhydrophobic characteristic; (B) the relationship between the CAs
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he conductivities of the composite nanofibers were also
trongly related to the content of PS. The PANI/PS compos-
te nanofibers have a conductivity in the range of ∼10−4 to
0−5 S/cm. Below 5 wt%, the conductivities of the compos-

te nanofibers decreased upon increasing PS content. Above
wt%, the conductivity showed no significant change. The
ettability of films of polyacrylonitrile PAN/PANI coaxial
anofibers has also been demonstrated to have a chemical
ual-responsive characteristic [253] (Fig. 14). The com-
osite exhibited a superhydrophobic characteristic with
water CA up to 164.5◦ and had a conductivity of about

.3 × 10−2 S/cm. The wettability of the composite fibers
ould also be triggered by adjusting pH value or redox
roperties. The CA would decrease from 164.5◦ in a doped
orm to about 0◦ for a droplet with pH 13.07, and the
eversible cycles between superhydrophobicity and super-
ydrophilicity can be repeated many times in a short time.

n addition, the PAN/PANI coaxial nanofibers also exhib-
ted a reversible wettability with CA from 156.4 ± 1.4◦ for

water droplet to 116.9 ± 3.0◦ for an oxidizing droplet.
uch a dual-responsive surface has potential applications
n biologic separation systems and cell culture.
.6. Specific surface area

The specific surface area is an important property of
anomaterials, which greatly affects, for example, the
uperhydrophobicity/superhydrophilicity for a water droplet and a basic
rs. (D) Reversible superhydrophobicity/superhydrophilicity for an acidic
coaxial nanofibers [253]. Copyright 2007, Wiley-VCH Verlag GmbH&Co.

adsorptive and catalytic behavior of ceramics and metallic
powders. The control and measurement of specific sur-
face area for nanomaterials are of great importance, not
only for academic study in the laboratory, but also for
industrial production in the factory. The specific surface
area is closely tied to particle size. The smaller the par-
ticle size is, the larger the specific surface area becomes.
For conducting polymer nanofibers, the doping state and
the fiber diameters determined the specific surface area.
For example, the Brunauer–Emmett–Teller (BET) surface
area of PANI nanofibers synthesized via an interfacial poly-
merization and doped with camphorsulfonic acid was
41.2 m2/g, increasing to 49.3 m2/g after dedoping with
base, attributed to the increase of the free volume of
the PANI nanofibers after the removal of dopants [254].
The surface area of PANI nanofibers increases slightly the
decreasing diameter. The measured BET surface area of
dedoped PANI increased from 37.2 to 54.6 m2/g when
the fiber diameter was changed from 120 to 30 nm. The
specific surface area and pore size of mesoporous con-
ducting polymer nanofibers synthesized by chiral lipid
ribbon templating and seeding route have also been exten-

sively demonstrated [255]. The BET surface area and pore
diameters of PPy nanofibers strongly depended on the
chain length of the template molecules. When the n in
Cn-L-Glu increased from 12 to 18, the BET surface area
of as-synthesized PPy nanofibers increased from 38.7 to
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59.4 m2/g. Meanwhile, the pore diameters increased from
5.4 to 14.4 nm. The BET surface area was also related to the
presence of the template molecules. The BET surface area
increased a little after the templates were extracted from
PPy nanofibers.

Incorporating highly mesoporous inorganic nanocom-
ponent into conducting polymers enhances the BET surface
area of conducting polymers significantly. Ćirić-Marjanović
fabricated PANI/zeolite (HZSM-5) composite nanofibers via
a self-assembly process and studied their BET surface area
[256]. The BET surface area of the PANI/HZSM-5 composite
nanofibers could reach 125 and 193 m2/g when the com-
posite contains 77.9 and 86.32 wt% HZSM-5. Compared to
pure zeolite (HZSM-5), the decrease of specific surface area
with the decrease of HZSM-5 content in PANI/zeolite com-
posite nanofibers was attributed to the partial covering
of the entrances of mesopores by PANI. The specific sur-
face area of PANI/titanate coaxial nanocables has also been
studied [141]. The results showed the BET surface area and
pore volume of 306 m2/g and 0.87 cm3/g for pure titanate
nanotubes, while 103 m2/g and 0.2 cm3/g for titanate/PANI
coaxial nanocables. Similarly, the decrease in surface area
and pore volume was due to the blockage of titanate pores
by PANI. Mihranyan et al. presented the fabrication of
Cladophora cellulose/PPy composite fibers via a chemical
oxidation polymerization [257]. The results showed that
the specific surface area reached 57 m2/g and the total pore
volume was 0.18 cm3/g, attributed to the maintenance of
the large surface area and pore volume characteristic of
Cladophora cellulose in the composite fibers.

4. Applications of 1D conducting polymers
nanocomposites

As described in previous sections, various kinds of 1D
conducting polymer nanocomposites have been fabricated
using a number of facile and effective strategies. Because of
the synergistic effect of multi-components, 1D conducting
polymer nanocomposites exhibited multifunctional and
unique properties. Therefore, such 1D conducting polymer
nanocomposites are expected to find applications in many
fields, such as nanoelectronic devices, chemical or biologi-
cal sensors, catalysis or electrocatalysis, energy, microwave
absorption and EMI shielding, ER fluids and biomedicine.

4.1. Electronic nanodevices

Most conducting polymers are suited for the con-
struction of electronic devices because of their high
electrical conductivity, mechanical flexibility and low cost.
1D nanostructured conducting polymers are expected
to be excellent candidates for nanoelectronic devices in
the future because they are molecular wires themselves.
Incorporating metals, semiconductors and carbon nano-
materials and even insulating polymers into conducting

polymers to form 1D nanocomposites may affect the
conductivity of conducting polymers or induce efficient
electron transfer, which is potentially applicable in light-
emitting diodes, transistors, memory and photovoltaic
devices [258–264].
ience 36 (2011) 671–712

Using electrospinning technique, conducting polymers
have been successfully fabricated into 1D nanostructures
with other processible polymers. A Schottky diode can
be fabricated from such composite electrospun nanofibers
on n-doped silicon substrate [258,259]. Current–voltage
characteristic of the Schottky diode exhibited strong
dependence on the diameter of composite nanofibers. Clear
rectification was observed for diodes fabricated from thick
fibers. When the diameter of the composite fibers was
reduced, the rectification ratio and the diode turn-on volt-
age decreased. The surface states on the semiconductor had
a weaker influence on diodes fabricated from thin fibers.
On the other hand, the doping level of the composite fibers
also affected the diode rectification ratio. When the doping
level was lowered, the device rectification ratio reduced,
but other diode parameters were unchanged. In addition
to a Schottky diode, a field effect transistor (FET) could
also be constructed using electrospun PANI/PEO compos-
ite nanofibers [260]. The results showed that saturation
currents were obtained in the electrospun devices at low
source-drain voltages. The hole mobility in the depletion
regime was 1.4 × 10−4 cm2/Vs. The device parameters were
expected to be enhanced by reducing or eliminating the
PEO content.

Both diode and FET devices could also be fabricated
by 1D conducting polymers with metal nanocomponents.
Mirkin and co-workers constructed a nanodevice from sin-
gle Au–Ppy–Cd–Au four segment nanorods via a template
method, which exhibited “diode” behavior at room tem-
perature [262]. In the forward bias, holes moved from the
PPy block to the Cd block. In reverse bias, the current was
zero from −0.61 to 0 V. The turn-on voltage of these diode
nanorods was around 0.15 V and the rectifying ratio was
200 at ±0.6 V. FETs can be produced by patterning a gate on
one side of the segment nanorods composed of conducting
polymers and metal (Co–Ppy–Co), [263]. The field-effect
mobility of the bipolaron and the estimated threshold volt-
age of such FETs were 0.56 cm2/V s and 1.2 V, respectively.
The gain of the wire FETs can be much increased by succes-
sive doping.

With the development of semiconductor technology,
nonvolatile memory devices with high speed and den-
sity became more and more important for information
processing. Yang and co-workers demonstrated the fabri-
cation of bistable memory device using PANI/Au composite
nanofibers [102,264]. For a potential lower than +3 V, the
current was low, indicating that the composite nanofibers
had a high impedance. As the potential reached +3 V,
the current increased abruptly, corresponding to a sharp
decrease of resistance. When the potential decreased from
+3 V back to 0 V, the device remained at the low resis-
tance state (ON state). To change back to OFF state (high
resistance state), the reverse bias of −5 V had to be
applied. The memory device composed of PANI/Au com-
posite exhibited the characteristics of a long retention time
and fast response to applied voltage pulses (Fig. 15). The

bistable electric behavior was due to the electric-field-
induced charge transfer between PANI nanofibers and Au
nanoparticles. In principle, such a memory device with high
performance would have an important impact on the infor-
mation technology in the future.
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Fig. 15. (A) Current–voltage characteristics of PANI/Au composite
nanofibers device. The potential is scanned from (a) 0 to +4 V, (b) +4 to
0 V, and (c) 0 to +4 V. (B) Retention time test of the On-state (top) and
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Metal salts can also be incorporated into 1D a nanos-
FF-state (bottom) currents when biased at 1 V with a width of 0.167 s,
ecorded every 5 s [102]. Copyright 2005, American Chemical Society.

.2. Sensors

Conducting polymers are good candidates for chemical
nd biological sensors because the interactions with var-
ous analytes may influence the redox and doping states
f conducting polymers, leading to a change of resistance,
urrent, or electrochemical potential [265–268]. Although
eat conducting polymers are good materials for chemi-
al and biological sensing, their low sensitivity and poor
electivity are limitations and must be improved. The
abrication of nanostructured conducting polymers is an
ffective strategy to enhance their sensing properties for
heir large surface area per unit mass than conventional
lms or powders. Adding a second nanocomponent, such
s carbon nanotubes, metal and metal oxide particles,
etal salts, insulating polymers, and biological materi-

ls, into conducting polymer matrix is another way to
ddress the above issues because the second component

ay increase the chain mobility of conducting polymers

r change the affinity of the composite, or even act as a
atalyst.
ience 36 (2011) 671–712 695

4.2.1. Gas sensors
Gas sensors have a broad range of ever-increasing appli-

cations in everyday life, such as industrial production, food
processing, environmental monitoring, health care, etc.
[269–271]. 1D nanostructured conducting polymers are
good candidates for gas sensors because of their large spe-
cific surface areas. Upon interaction with the gas analyte,
the electrical conductivity of 1D nanostructured conduct-
ing polymers could change drastically. The PANI nanofibers
synthesized via interfacial polymerization have shown that
they have much higher sensitivity for the detection of
NH3 than conventional PANI film. On the other hand, the
addition of a second component into 1D nanostructured
conducting polymers could enhance or extend their appli-
cations as gas sensors. For example, in the detection of
NH3, MWNT/PPy composite nanofibers exhibited a higher
sensitivity of 10–28% over a wide range of concentration
from 400 to 10,000 ppm [272]. In addition, the MWNT/PPy
composite nanofibers also exhibited a reversible response
towards 50–12,500 ppm NH3 at room temperature. The
mechanism of the enhanced sensitivity may be attributed
to the increased surface area of PPy, providing more active
sites for adsorption of NH3 vapor. The similar properties
were also observed in carbon nanofiber/PPy nanocompos-
ites [98]. The sensing properties of the PPy coated TiO2/ZnO
composite nanofibers in NH3 detection were also stud-
ied in detail [207]. Eletrospinning followed by vapor-phase
polymerization afforded a membrane of TiO2/ZnO/PPy
composite nanofibers that had a porous structure with an
ultrathin PPy layer (about 7 nm), allowing free access of
NH3 to PPy and minimizing gas diffusion resistance, lead-
ing to high sensitivity, with a detection limit of 60 ppb and
fast response/recovery in NH3 detection. Sensors based on
PANI/DNA composite nanowires fabricated on Si surfaces
have also been demonstrated for the detection NH3 and HCl
[174]. The results showed that the response time of the as-
synthesized PANI/DNA composite nanowires to NH3 and
HCl was within 1 s, which was 100 times faster than PANI
nanofibers alone.

Besides NH3, the addition of metal oxide nanoparticles
into 1D nanostructured conducting polymers can extend
their applications in detecting other gases. For example,
PANI/In2O3 composite nanofibers synthesized via chemi-
cal polymerization were used as sensor in detection of H2,
CO and NO2 at room temperature [273]. In fact, the sen-
sor based on pure In2O3 had large response towards H2,
CO and NO2, but the operation temperature was relatively
high (100–350 ◦C). The sensor responses were around 11.0,
2.0 and 2.5 kHz to 1% of H2, 500 ppm CO and 2.12 ppm
NO2, respectively. The 90% response and recovery times
were 30 and 40 s for H2, 24 and 36 s for CO, and 30 and
65 s for NO2, respectively. Furthermore, a sensor based
on PANI/In2O3 composite nanofibers exhibited a repeat-
able response towards H2 and CO. Similarly, PANI/WO3
composite nanofibers were also employed in sensors for
detection of H2 gas, however, the sensitivity was worse
than PANI/In2O3 composite nanofibers based sensors [274].
tructured conducting polymer matrix as gas sensors. For
example, pristine PANI nanofibers have limited sensitivity
for H2S gas, but PANI/CuCl2 composite nanofibers exhib-
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Fig. 16. (A) Resistance changes of different kinds of PANI nanostructures
upon exposure to H2S. The H2S concentration was 10 ppm with 45% rela-
tive humidity. (B) The data from (A) with an expanded linear scale [275].
Copyright 2005, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

ited a high response for H2S gas [275]. Compared to PANI
nanofibers, the sensitivity of the composite nanofibers
to H2S gas was enhanced by four orders of magnitude
(Fig. 16). The mechanism of the improved sensitivity was
due to the formation of strong acid (i.e., HCl) through
the reaction between H2S gas and CuCl2, which increased
the doping level of conducting polymers. The 1D con-
ducting polymer nanocomposites were also used as gas
sensors to detect volatile organic compounds. As examples,
PMMA/PANI coaxial composite nanofibers constructed as
gas sensors towards triethylamine (TEA) vapor exhibited
sensitivity as high as 77–500 ppm TEA [276]. Nanocom-
posites of MWNT/P3HT developed for the detection of
chloromethanes gase showed a response time around
60–120 s [277]. The nanocomposite sensors also showed
a selective sensing for methane.

4.2.2. Biosensors
In recent years, conducting polymers have been used

to construct a variety of biosensors because of their
unique electronic, chemical and mechanical properties
[278]. In particular, 1D nanostructured conducting poly-
mers provide an excellent platform for bio-recognition. As

biosensors, the detection of H2O2 is important because it is
often a product in enzymatic reactions. PANI/PS composite
nanofibers, prepared by electrospinning technique, were
employed to detect H2O2 by means of cyclic voltamme-
try [153]. Composite nanofibers exhibited superior sensing
ience 36 (2011) 671–712

properties for H2O2 corresponding composite thin films.
The enhanced sensitivity of the composite nanofibers was
attributed to their large surface area and good electrical
properties. The excellent sensing performance of PANI/PS
composite nanofibers in H2O2 detection makes it attrac-
tive for the fabrication of oxidase-based glucose biosensors
because H2O2 is generated in the reaction between glucose
and oxygen in the presence of glucose oxidase (GOX). As
more GOX was immobilized on the composite nanofibers
with large specific surface area, the sensitivity of the sen-
sor based on the composite nanofibers was much higher
than that for the film sensor. The results showed that the
sensitivity enhanced by nearly 20 times.

GOX could also be incorporated into aligned CNT/PPy
composite nanofibers with Fe nanoparticles on the tip of
CNTs [279]. Inclusion of Fe nanoparticles was the key fac-
tor to reduce the potential of the redox reaction of H2O2.
A near linear increase in the current up to 20 mM glucose
was observed for the aligned composite nanofibers. In com-
parison to GOX immobilized PPy matrix on gold electrode,
the aligned CNT/PPy composite fibers with immobilized
GOX exhibited a higher response by at least an order of
magnitude. Three component composite nanofibers con-
taining PANI, Fe3O4 and CNTs were prepared and doped
with enzyme for the fabrication of glucose biosensors [202].
The PANI/Fe3O4/CNTs composite nanofibers based glucose
sensor showed high sensitivity and linearity. The presence
of CNTs in the composite not only increased the conduc-
tivity and specific surface area of the composite, but also
lowered the over-potential for H2O2 oxidation. The com-
posite nanofibers based biosensor showed a fast response
time within 5–6 s and a good reproducibility.

Use of conducting polymer/metal composite nanofibers
for H2O2 and glucose detection has been examined [108].
The response time of the composite nanofibers in detec-
tion of H2O2 was very fast, within 3 s. The sensor exhibited
linearity in H2O2 detection in the concentration range of
0.1 �M–1.4 mM. A detection limit of 50 nM based on a
signal-to-noise ratio of 3 was achieved for the PANI/Pt/Pd
composite nanofibers sensor (Fig. 17). For detecting glu-
cose, GOX was immobilized on the PANI/Pt/Pd composite
nanofibers. The sensor had a linear response in glucose
detection in the concentration range of 1 �M–4.32 mM.
The detection limit was 0.4 �M. The stability of the biosen-
sor based on PANI/metal composite nanofibers was good.
The response current remained at 81% after the composite
nanofiber electrode was stored for 1 month.

Triglyceride monitoring in blood is a medically impor-
tant task because its high concentration is related to
the increased risk of atherosclerotic events. 1D con-
ducting polymer nanocomposites with encapsulation of
lipase have been utilized as biosensors to detect triglyc-
eride [183]. In the study, the lipase was covalently
immobilized on PANI nanotubes via glutaraldehyde reac-
tions, which prevented lipase leaching in solution. The
PANI/lipase composite nanofiber sensor was sensitive to

triglyceride over a concentration range of 25–300 mg/dL
with good linearity. In addition, the PANI/lipase compos-
ite nanofibers based biosensor exhibited high sensitivity
(2.59 × 10−3 k�−1 mg−1 dL), fast response time (20 s) and
regression coefficient (0.99). Furthermore, the covalent
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Fig. 17. (A) CV curves of the oxidation of H2O2 at bare GCE (a and b) and PANI/Pt/Pd composite nanofibers modified GCEs (c) in a 0.1 M PBS (pH 7.4) in the
a . (B) CV
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mmobilization improved the stability of the sensor with
shelf life up to 10 weeks.

Immobilization of DNA onto conducting polymers has
een extensively studied for detection of various DNA
arget sequences and microorganisms [176]. In a syn-
hetic procedure for BdNG immobilization onto PANI
anofibers for the detection of dNG complementary tar-
et, avidin-biotin was used as a cross-linking agent to
mprove the stability of the electrode. The detection limit
f the sensor based on PANI/DNA composite nanofibers
as 0.5 × 10−5 M with 60 s of hybridization time. The

ANI/DNA composite nanofiber sensor could distinguish
resence of N. gonorrhoeae from N. meningitides and other
ram-negative bacteria, e.g., E. coli. DNA could also be
mmobilized onto PPy nanorods via physisorption, which

as used to study the interaction of spermidine with
NA [177]. The dynamic range, correlation coefficient and
etection limit of the biosensor based on PPy/DNA com-
osite nanorods were 0.05–1.0 �M, 0.9983 and 0.02 �M,
espectively, exhibiting an excellent characteristic for
iosensing.

Incorporation of uricase into conducting polymers nan-
tubes for measuring the urea concentration has been

chieved [182]. Urease was immobilized by a physical
ntrapment method. The sensor displayed a linear concen-
ration range of urea between 1.22 �M and 3.85 mM. The
ensitivity and detection limits of the composite nanotube
ensor were 53.74 mV/decade and 1.0 �M, respectively,
curves of the oxidation of H2O2 at the PANI/Pt/Pd composite nanofibers
Scan rate: 100 mV s−1. (C) Amperometric current responses of PANI/Pt/Pd
ial: 0.6 V. (D) The plot of electrocatalytic current of H2O2 as a function of
einheim.

both superior to the others reported. A rapid response
time (60–100 s) was also obtained for the composite
nanofibers. In addition, compared to the reports in lit-
erature, the PPy/urease composite nanofibers on carbon
paper electrode exhibited superior long-term stability and
reusability.

4.3. Catalysis

Metal nanoparticles can be readily prepared with uni-
form size and shape and can be used as catalysts for various
types of chemical and electrochemical reactions with high
activity and selectivity. However, metal nanoparticles are
easily aggregated during the preparation, reducing their
activity. To achieve high catalytic activity, metal nanopar-
ticles are generally dispersed on support materials. As
relatively inexpensive nanomaterials, 1D nanostructured
conducting polymers are good media for the confinement
of metal nanoparticles as catalysts because the conductive
support facilitates the shuttling of electronic charges to the
catalyst centers.

4.3.1. Chemical and photocatalysis

The conducting polymers have the ability to reduce

metal salt into zero valent metal, offering a versatile
approach for the fabrication of conducting polymer/metal
composites. For example, PANI/Pd composite nanofibers
can be prepared by simply mixing palladium nitrate with
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PANI nanofibers. The catalytic properties of the composite
nanofibers have been examined for use in Suzuki coupling
reactions [103]. The nanofibers exhibited good catalytic
activity for the reaction between aryl chlorides and phenyl-
boronic acid and for phenol formation from aryl halides and
potassium hydroxide in water and air. Another superior
characteristic of the PANI/Pd composite nanofibers as cat-
alyst was the low Pd nanoparticle loading. Only 10−5 mol%
Pd loaded on PANI nanofibers was effective in catalyzing
the reaction between 4-acetylphenyl chloride and phenyl-
boronic acid. In addition, the composite nanofibers were
recyclable, a yield of 89% in the same reaction performed
after 10 cycles.

1D nanocomposites of PANI/Pd nanotubes were also
synthesized via a templating method for chemical cataly-
sis [118]. In order to avoid the leaching of Pd nanoparticles
from conducting polymer matrix, they were prepared on
the inner walls of PANI nanotubes. The typical procedure
involved three main steps: (1) fabrication of sulfonated
PS nanofibers and reducing palladium chloride to form
Pd nanoparticles on their surface; (2) preparation PANI
layer on the surface of PS/Pd composite nanofibers; and
(3) removing sulfonated PS nanofibers by washing with
THF. The composite nanofibers were used as catalyst for
the reduction of p-nitroaniline by hydrazine hydroxide in
ethanol. A yield of 85.14% was achieved that was superior
to that with Pd/C catalyst.

It is well known that TiO2 is an effective photocatalyst
with strong oxidizing power and non-toxicity. The TiO2
catalysis for the decomposing toxic inorganic or organic
compounds is attributed to the formation of superoxidant
(•OH and O2

•−) generated from water decomposing in the
presence of TiO2 under radiation [280]. However, one of
the disadvantages of TiO2 catalyst is the rapid recombina-
tion of photo-induced electrons and holes, which reduces
the photocatalytic efficiency of TiO2. Another disadvantage
is that little visible light can be absorbed because the for-
bidden band gap of TiO2 is 3.2 eV. Thus organic dyes with
visible light absorbing chromophores are usually used as
sensitizers to enhance the catalysis efficiency of TiO2. As a
dye with a forbidden band gap of 2.8 eV, PANI can be used
to photosensitize TiO2 semiconductors. The photocatalytic
properties of TiO2/PANI bilayer microtubes synthesized via
a template method have been studied [281]. The results
demonstrated that TiO2/PANI bilayer microtubes had an
increased catalytic property to decompose methyl orange
under visible light. The enhanced catalysis was ascribed to
the red shift of the absorption region of TiO2 because of
photosensitization by PANI.

4.3.2. Electrocatalysis
As mentioned in Section 4.2.2, 1D conducting polymer

nanocompsites are good candidates as biosensors. In fact,
most of the reactions for biosensing involve electrocataly-
sis. For example, Zhu and co-workers fabricated PANI/Au
composite nanotubes and studied their electrocatalysis

towards NADH [282]. With glass carbon electrode (GCE)
as the substrate electrode, they could also be regarded
as biosensors. However, in this section, we will focus our
attention to the process of electrocatalysis properties of
1D conducting polymer nanocompsites. It was reported
ience 36 (2011) 671–712

that the electrochemical oxidation of NADH on carbon
and platinum electrodes occured at high over potentials
of 1.1 and 1.3 V, respectively, attributed to the trans-
fer of two electrons and one proton and the cleavage
of a C–H bond. Using PANI/Au composite nanotubes as
an electrode, the potential for electrochemical oxidation
was significantly decreased to around 0.6 V. Compared
with pure PANI-modified electrode, PANI/Au composite
nanotube modified electrode displayed enhanced electro-
catalytic activity towards the oxidation of NADH.

The field of electrocatalysis in oxygen reduction has also
benefited from 1D conducting polymer/metal porphyrin
nanocomposites. For example, PPy/cobalt porphyrin com-
posite nanorods displayed good electrocatalytic properties
for oxygen reduction in neutral electrolyte [197]. The elec-
trocatalysis of the nanocomposite was mainly generated
from cobalt porphyrin, conducting through a four-electron
transfer process, proved by the rotating ring-disc (RRDE)
method. Similar results were obtained with PANI/cobalt
porphyrin composite nanorods.

Our group investigated the electrocatalysis of PEDOT/�-
Fe3+O(OH,Cl) nanospindles for the oxidation of KI and
reduction of KIO3 [283]. In comparison to bare GCE, an
enhanced anodic and cathodic responses were observed
for the composite nanospindles, due to the increased sur-
face area and reaction sites. The results on scanning rate
also showed that the oxidation process of KI was diffusion
control, while the reduction process of KIO3 was surface
control.

Au/PEDOT/�-Fe3+O(OH,Cl) composite nanospindles
prepared by a one-step approach, were used as electro-
catalysts for the oxidation of D-AA [284]. Compared to
bare GCE, a cathodic shift was observed and the cur-
rent response was also much higher for the composite
nanospindles, indicating the excellent electrocatalytic
oxidation of D-AA. The enhanced catalysis of the compos-
ite nanospindles can be attributed to the accumulation
of ascorbate anions at the interface of the electrode as a
doping form. The scanning rate result showed that the
oxidation process of D-AA proceeded by diffusion control.

4.4. Energy applications

Energy has become more and more an important global
concern because fossil fuels are going to be exhausted even-
tually. Therefore, studies of the exploitation of other forms
of energy processes including energy conversion, storage
and generation have increased in recent decades. Many
efforts have been devoted to the fabrication of nanostru-
tured conducting polymer nanocomposites as electrode
materials in energy conversion devices such as solar cells
and fuel cells, and energy storage devices such as lithium
ion batteries and supercapacitors. It is anticipated that the
synergistic effect of each component in the nanocompos-
ites could significantly enhance the performance of the
energy devices.
4.4.1. Solar cells
Solar cells are energy conversion devices that con-

vert sun light to electric energy. Efforts to reduce the
cost and increase the energy conversion efficiency of
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olar cells have become top tasks of research. In com-
arison to sintered nanoparticles, metal oxide nanofibers
re excellent candidates for the fabrication of solar cells
ecause they provide better charge conduction owing to
heir reduced grain boundaries and high electron mobil-
ty along the nanofibers. On the other hand, conducting
olymer/inorganic hybrid solar cells are of particular inter-
st because they combine the unique properties of metal
xides with the good light absorbing and hole trans-
orting properties of conducting polymers, which may
ontribute to the improvement of the photovoltaic effi-
iencies [285–291]. Conductive polymer composites are
articularly attractive because of their low cost and good
echanical properties.
Photovoltaic devices fabricated with vertically aligned

nO nanofibers/P3HT composites have an open circuit
oltage (Voc) of 440 mV, a circuit current density (Jsc)
f 2.2 mA/cm2, a fill factor (EF) of 0.56, and a conver-
ion efficiency (�) of 0.53% [285]. The performance of the
evice can be further enhanced by incorporating a blend of
3HT and (6,6)-phenyl C61 butyric acid methyl ester (C60-
CBM) into ZnO nanofibers. A photovoltaic device based
n ZnO/P3HT/PCBM composite nanofibers exhibited a Voc

f 475 mV, Jsc of 10.0 mA/cm2, EF of 0.43, and � of 2.03%.
urthermore, the external quantum efficiency of the device
ncreased from 17% for ZnO/P3HT composite nanofibers to
7% for ZnO/P3HT/PCBM composite nanofibers.

Coating TiO2 thin film on the surface of ZnO nanofibers
an improve the performance of ZnO/P3HT solar cells.
ang and co-workers demonstrated that solar cells with
vertical ZnO nanorod array/P3HT composite exhibited an
fficiency of only 0.04% [286]. However, the efficiency could
each 0.34% by coating with a thin TiO2 layer after storing
n air for one month. TiO2 nanotube arrays are considered
s the good candidates for the construction of solar cells
ecause they provide good pathways for electron migra-
ion. The device was prepared by infiltrating a blend of
egioregular P3HT and a methanofullerene (phenyl C71-
utyic acid methyl ester) (C70-PCBM) into TiO2 nanotubes
rrays [287]. Charge separation can be provided by the
nterfaces not only between P3HT and C70-PCBM, but also
etween P3HT and TiO2 nanotubes. Therefore, the solar cell
evice for the frontside illumination geometry exhibited a
oc of 641 mV, Jsc of 12.4 mA/cm2, EF of 0.51, and � of 4.1%
nder AM 1.5 one sun illumination, which was much bet-
er than those based on non-transparent nanotube arrays
ith backside illumination (Fig. 18).

CNT/PEDOT-PSS composite nanotubes were also used as
SCs, which exhibit good photovoltaic performance with
Voc of 660 mV, Jsc of 15.5 mA/cm2, EF of 0.63, and � of

.5% tested with AM 1.5 solar simulator, significantly bet-
er than that of CNT/Poly(styrenesulfonate acid) (PSSA)
omposite nanotubes [288]. For CNT/PEDOT-PSS compos-
te nanotubes, the charge transfer was not affected because
NTs were wrapped by conductive PEDOT, while it would
e lowered in CNT/PSSA composite nanotubes because

NTs were wrapped by the insulating PSSA.

.4.2. Fuel cells
Fuel cells, which convert the chemical energy of a

uel directly into electricity by electrochemical reactions,
Fig. 18. Current and power density versus voltage for (A) backside illumi-
nated heterojunction solar cells and (B) frontside illuminated solar cells.
-�- stands for photocurrent density, -�- stands for the dark current den-
sity, and -©- stands for the power density [287]. Copyright 2007, Elsevier
B.V.

have attracted increasing attention in recent decades for
applications in electric vehicles [292,293]. With the advan-
tages of high energy conversion efficiency, fuel portability
and environment friendliness, direct methanol fuel cells
(DMFCs) have become a research focus in the field of
energy applications [294]. The effects of an electrocata-
lyst on the performance of DMFCs have been extensively
studied. Recent studies revealed that CNTs and car-
bon nanofibers are good candidates as supports for Pt
nanoparticle loading because of their superior electrical
conductivity and large surface areas. Conducting poly-
mers with 1D nanostructures have been investigated as
a new class of electrocatalyst supports. In comparison to
conventionally synthesized conducting polymers, the new
electrocatalyst displayed enhanced methanol oxidation
activity. Nanotubules of PPy can be synthesized via a tem-
plate method [295]. Pt nanoparticles were electrodeposited
on the surface of PPy nanotubes through the Galyanostatic
Square Wave (GSW) method. After removing the template
by dissolution, PPy/Pt composite nanotubes placed on the
Nafion coated carbon cloth showed superior catalytic activ-
ity for the electrooxidation of methanol. In addition, the
stability of the PPy/Pt composite nanotubes was good, only

about 14.3% decrease in catalytic activity was observed,
compared to a decrease of about 67.5% for samples syn-
thesized without a template. Pt/poly(o-phenylenediamine)
(PoPD) composite nanotubes were also prepared by a tem-
plating and electrodeposition method [296]. The methanol
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Fig. 19. (A) TEM image of Pt/PANI composite nanofibers, showing the
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oxidation activity of the as-synthesized Pt/PoPD compos-
ite nanofibers was about 13 times more active than that
of conventional Pt/PoPD nanocomposites loaded with the
same amount of Pt nanoparticles.

In addition to electrodeposition, Pt nanoparticles can be
formed on the surface of PPy nanofibers using the chemical
microwave-polyol method [107]. Compared to commer-
cial carbon black powder of Vulcan XC-72 (XC-72) and
carbon nitride (CNx) nanofibers supports, Pt nanoparti-
cles on the surface of PPy nanofibers had the smallest
diameters. Also, the PPy/Pt composite nanofibers exhib-
ited much better electrocatalytic activity for the oxidation
of methanol than Pt/CNx and Pt/XC-72 nanocomposites.
The maximum stable peak current density for PPy/Pt com-
posite nanofibers were about two and three times higher
than those of CNx/Pt and Pt/XC-72 nanocomposites. More-
over, the CO-poisoning tolerance of the Pt/PPy composite
catalysts was superior to those of CNx/Pt and Pt/XC-72
nanocomposites. Pt/PANI composite nanofibers were also
used as electrocatalyst for DMFCs [106]. The results showed
that the diameters of PANI nanofibers and Pt nanoparticles
for Pt/PANI composite were 60 and 1.5–3 nm, respectively.
In comparison to conventional Pt/C catalyst, Pt/PANI com-
posite nanofiber catalysts exhibited higher electrocatalytic
activity and tolerance for methanol oxidation reaction,
which might be related to the 1D nanostructures of PANI
(Fig. 19).

All of the 1D conducting polymer/metal composites for
the oxidation of methanol described in the preceding were
used as anode electrocatalysts in DMFCs. In fact, most
of the cathode electrocatalysts for the reduction of oxy-
gen were also Pt-based nanomaterials. However, the high
cost of Pt-based electrocatalysts is one of the barriers for
their commercially viability. The use of other, inexpensive
metal nanoparticles as electrocatalysts has been investi-
gated. For example, Ppy–Co–MWNTs composite nanotubes
were prepared and used as the cathode electrocatalysts
for the reduction of oxygen in a polymer electrolyte fuel
cell (PEMFC), DMFCs and direct ethanol fuel cells (DEFCs)
[200]. In comparison to other non Pt based electrocatalysts,
improved power densities were observed for the PEMFC,
DMFCs and DEFCs with Ppy–Co–MWNTs composite nan-
otubes as a cathode electrocatalyst and Pt–Ru/MWNTs and
Pt–Sn/MWNTs as an anode electrocatalysts. In addition,
the durability of Ppy–Co–MWNTs composite nanotubes for
the reduction of oxygen was excellent, and no noticeable
decrease in current density was observed over long PEMFC
operating time.

4.4.3. Lithium ion batteries
Rechargeable batteries are energy storage devices are

widely used in daily life, such as in cell phones, lap-
top computers and electric vehicles [297]. Conventional
rechargeable nickel-cadmium or nickel-metal hydride bat-
teries are limited by their capacity and durability. By
contrast, lithium ion batteries, which are lighter and have

much greater capacity, are considered to be one of the most
promising and practical rechargeable batteries [298–301].
The materials used in the cathode, anode and electrolyte
are three determining the energy density and electro-
chemical performance of Li-ion batteries [302]. Graphite
diameter of the Pt nanoparticles on PANI nanofibers around 1.5–3 nm.
(B) CVs of Pt/C and Pt/PANI composite nanofibers in 1 M CH3OH + 0.5 M
H2SO4, at a scan rate of 50 mV s−1 [106]. Copyright 2006, IOP Publishing
Ltd.

is the most utilized anode material, while LiCoO2, LiMn2O4
and LiFePO4 are common commercial cathode materials
in Li-ion batteries. Recently, 1D nanostructured materials
proved to be good candidates as Li-ion battery electrodes
because of their large surface to volume ratio to contact
with electrolyte, high specific capacity and good cycle per-
formance. For example, storage capacity the anode charge
based on Si nanowires increased by 10 times over that of a
carbon anode [303].

1D nanostructured composite of vanadium oxide/PANI
synthesized through the reaction between V2O5/PANI
nanocomposite and hexadecylamine in a hydrothermal
medium has been used as cathode materials in Li-ion
batteries [304]. The results showed that the electrochem-
ical properties of the vanadium oxide/PANI composite
nanofibers were better than those with vanadium oxide
nanotubes. The charge capacity based on vanadium
oxide/PANI composite nanofibers was about 150 A h Kg−1
during 10 initial cycles, while only 100 A h Kg−1 of charge
capacity was obtained with V2O5 nanotubes. In addition,
the cyclability based on vanadium oxide/PANI composite
nanofibers was also superior to that of V2O5 nanotubes.
This example suggests directions to try with other 1D
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Fig. 20. (A) Schematic illustration for the fabrication of MnO2/PEDOT
coaxial nanowires. (B) Specific capacitance of MnO2 nanowires (closed
X. Lu et al. / Progress in Po

anostructured systems utilizing existing electrode mate-
ials and conducting polymers for Li-ion batteries. It is
nticipated that Li-ion battery with high specific capacity
nd good cycle performance will be obtained by using 1D
onducting polymer nanocomposites as electrodes.

.4.4. Supercapacitors
Supercapacitors, also called electrochemical capacitors,

re recognized as one of the most promising energy storage
evices for a wide range of civilian and military applications

n electric vehicles, uninterruptible power supplies and so
n [305,306]. In contrast to conventional capacitors, super-
apacitors possess much higher energy density. Compared
o lithium ion batteries, supercapacitors also exhibit higher
pecific power. To date, there are mainly three kinds of
lectrode materials for supercapacitors, i.e., carbon, metal
xides and conducting polymers [307–315]. Among these
aterials, carbon has a relatively low specific capacitance,

sually under 200 F/g, metal oxides are either expensive
such as ruthenium oxide) or poor conductors (such as

nO2, NiO, etc.), conducting polymers have a high spe-
ific capacitance, but their cyclic stability is poor. Therefore,
abrication of conducting polymer nanocomposites is crit-
cal in the construction of supercapacitors with both high
apacitance and excellent cyclic stability.

Supercapacitors based on the CNTs/conducting polymer
anocomposites can be prepared via chemical or elec-
rochemical polymerization. A high specific capacitance
er gram of 192 F/g was observed for 1D nanostructured
NT/PPy composites, [316]. The specific capacitance per
rea of CNT/PPy nanocomposites was as high as 1.0 F cm−2,
uch larger than those previously reported for super-

apacitors based on the similar electrode materials. The
er gram capacitance of PPy based nanocomposites was
urther enhanced by construction of an activated car-
on nanofibers (ACNF)/CNT/PPy three component system
317]. In comparison to ACNF, the nanocomposites had
arger specific surface area and higher electrical conductiv-
ty. The capacitance of ACNF/CNT/PPy was 333 F/g, much
etter than those of ACNF and ACNF/PPy electrodes. The
D nanostructured CNT/PANI and CNT/PPy composites
ontaining 20 wt% CNTs synthesized by in situ chemi-
al polymerization method have also been employed for
upercapacitors [318]. The specific capacitances of CNT/PPy
nd CNT/PANI nanocomposites were 190 and 360 F/g,
espectively, with a fairly good cycling life for the super-
apacitor. Gupta and Miura studied the performance of a
upercapacitor based on single walled CNTs, SWNT/PANI
anocomposites [319]. Their results showed that the spe-
ific capacitances were strongly dependent on the PANI
ontent. When 73 wt% PANI was deposited on the surface
f SWNTs, the highest specific capacitance of 463 F/g was
btained. Furthermore, the stability of the supercapacitor
ased on SWNT/PANI nanocomposites was excellent, as
videnced by the fact that the capacitance only decreased
% after 500 cycles and just 1% after the next 1000 cycles.

esides PANI and PPy, CNT/PEDOT composites with 1D
ore-sheath nanostructures prepared by in situ polymer-
zation under hydrothermal condition have also been used
or the fabrication of supercapacitors [320]. The highest
apacitance of 198.2 F/g at the current density of 0.5 A/g
square), PEDOT nanowires (open dots), MnO2 thin film (open square)
and MnO2/PEDOT coaxial nanowires (closed dots) at difference
charge/discharge current densities [321]. Copyright 2008, American
Chemical Society.

was achieved when the content of PEDOT reached 50%.
After 2000 cycles, the capacitance of the supercapacitor
decreased by 26.9%. Both the capacitance and stability of
the supercapacitor based on the CNT/PEDOT nanocom-
posites with core-sheath nanostructures were superior to
those of pristine PEDOT and CNT/PEDOT composites with-
out core-sheath strucutures.

In addition to CNTs, nanocomposites comprising MnO2
and conducting polymers have also been intensively
investigated as building components in supercapacitors.
MnO2/PEDOT coaxial nanowires were prepared by a co-
electrodeposition approach using an AAO template [321].
In comparison to MnO2 nanowires, PEDOT nanowires and
even MnO2 films, the MnO2/PEDOT coaxial nanowires
exhibited higher specific capacitance (from 210 to 185 F/g)
when the current density was increased from 5 to
25 mA/cm2 (Fig. 20). The high and well maintained capac-
itance can be attributed to the inclusion of MnO2 and the
short paths of ion diffusion in the nanowires.

4.5. Microwave absorption and EMI shielding

Electromagnetic frequency interference (EMI), also
called radio frequency interferene, is a serious issue caused

by the rapid proliferation of electronics, wireless systems
and the development in navigation, space technology,
etc. [322]. EMI not only affects the performance of the
electric device, but may also be harmful to life forms,
including humans. Therefore, some kind of shielding mate-
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rials must be employed to prevent the electromagnetic
noise or pollution. Various types of materials have been
used in EMI shielding, including metals, carbon materials
and conducting polymers. Recently, the EMI shielding and
microwave absorption properties of conducting polymers
have attracted increased attention owing to their good
electrical conductivity and processability [323].

Conducting polymers can be combined with other
nanocomponents to enhance EMI shielding per-
formance. For example, the microwave absorption
propertiesCNT/conducting polymer nanocomposites with
core-sheath nanostructure prepared by an in situ polymer-
ization approach were studied [324]. The conductivity of
the CNT/PANI nanocomposites was higher than not only
pure PANI but also CNTs, an example of the synergistic
effect of the two components. CNT/PANI nanocomposites
can be applied for the shielding purposes in the Ku-band
(12.4–18.0 GHz) for their total shielding effectiveness was
in the range of −27.5–39.2 dB. The microwave absorption
property of 1D PANI/HA/TiO2 nanocomposites has also
been studied [325]. The results showed that the conductiv-
ity of the composite significantly decreased after addition
of TiO2 and that the PANI/HA/TiO2 nanocomposites syn-
thesized at 0 ◦C could achieve a maximum RL of 31 dB
(>99.9% power absorption) at 10 GHz. To increase the con-
ductivity and microwave absorption performance of the
above system, SWNTs were also incorporated [326]. When
the content of SWNT was 20%, the PANI/HA/TiO2/CNTs
nanocomposite exhibited RL < −15 dB with broad band-
width (4 GHz). While RL < −20 dB with narrow bandwidth
(1 GHz) was observed when the content of SWNT reached
60%. Although only a few reports on the application of
1D nanostructured conducting polymers for microwave
absorption and EMI shielding are available, it is believed
that 1D nanocomposites could be important candidates in
this field.

4.6. Electrorheological fluids

Over the past decades, smart materials have attracted
much attention for their adjustable properties under an
external stimulus. Smart fluids in the form of electrorheo-
logical (ER) fluids have been widely studied for their broad
applications in clutch systems, hydraulic valves, brakes,
dampers for vehicle vibration control, general motors, etc
[327]. Generally, ER suspensions are composed of particles
with a high dielectric constant and low conductivity dis-
persed in a non-conducting fluid medium. Under an electric
field, the rheological properties of ER can reversibly change
in a short time. Among many ER materials, conducting
polymers have been extensively used as polarizable par-
ticles because of their superior physical properties, such as
good environmental stability and high polarizability [328].
However, the yield stress and modulus of ER fluids based on
conducting polymer materials were not higher than those
of magneto-rheological (MR) fluids. In order to enhance the

performance of conducting polymer-based ER fluids, one or
more components were usually combined with conducting
polymers to form nanocomposites. For example, conduct-
ing polymers/clay nanocomposites based ER fluids have
been extensively studied in the past few years [329–332].
ience 36 (2011) 671–712

It was reported that a distinct enhancement in yield stress
can be achieved when an aminosilane-treated organoclay
was introduced into the conducting PANI as an ER fluid
[333]. In addition to clay, silica-based mesoporous molecu-
lar sieves, ceramics and carbon nanotubes have been added
to conducting polymers to form nanocomposites as ER flu-
ids [334–339].

In addition to optimizing the composition of the
conducting polymer nanocomposites, fabricating novel
structure of conducting polymers is another effective
approach to enhance the performance of ER fluids. It
was reported that a nano-fibrous PANI ER fluid exhib-
ited improved suspended stability, gave a larger ER effect
under electric fields and higher shear stresses in com-
parison to the conventional granular PANI ER fluid [340].
Based on these points, it seemed that the fabrication of
a 1D conducting polymer nanocomposite ER fluid was
a meaningful objective. Recently, 1D PANI/titanate com-
posite nanotubes prepared through an in situ chemical
polymerization approach were used as a dispersed phase
in ER fluids [341]. 1D PANI/titanate composite suspensions
had a higher ER effect in comparison to that of sphere-
like PANI/TiO2 composite nanoparticles. It was concluded
that the higher ER activity was attributed to the larger
dielectric loss and faster rate of interfacial polarization for
1D PANI/titanate nanocomposites. Choi and co-workers
synthesized 1D PANI/silica nanocomposites through an
interfacial polymerization followed by a modified Stöber
method and used it as a dispersed phase of ER fluid [342].
In comparison to silica-based mesoporous PANI system,
ER fluids based on 1D PANI/silica nanocomposites exhib-
ited better dependence of shear stress on the electric field
strength. It is expected that the ER performance would
further enhance by increasing the compatibility between
conducting polymers and inorganic component.

4.7. Biomedical applications

Since the 1980s, biomedical applications based on
conducting polymers have emerged and attracted much
attention [343,344]. Among various kinds of conduct-
ing polymers, PANI and PPy are attractive candidates in
biomedical applications for their biocompatibility, ease of
synthesis, low cost and rich redox chemistry. In particu-
lar, the reversible doping/dedoping properties of PANI or
PPy showed the ability to entrap and release biologically
active molecules, which can be applied for controlled drug
delivery. On the other hand, since most biological cells are
sensitive to electrical impulses, conducting polymers can
be applicable in the field of tissue engineering to modulate
cellular activities through electrical stimulation. In the fol-
lowing, we illustrate some examples of applications of 1D
conducting polymer nanocomposites for controlled drug
delivery and tissue engineering.

4.7.1. Drug delivery

To enhance drug targeting specificity and decrease sys-

temic drug toxicity, many drug delivery systems have
been derived, including polymeric microspheres, poly-
mer micelles, polymeric nanofibers, micro (nano) gels,
etc [345,346]. 1D conducting polymer nanocomposites for
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Fig. 21. Schematic illustration of the controlled drug release: (A) drug-loaded electrospun PLGA nanofibers. (B) Drug release for the hydrolytic degradation
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rug delivery have many advantages, such as easy load-
ng, little influence on the drug activity and well controlled
elease rate. It is well known that conducting polymers
howed a reversible electrochemical response, they will
ontract upon reduction and expand after oxidation. The
nduced volume change will favor the controlled release of
arious kinds of drugs. For example, conductive PPy film
as used for the covalent immobilization of PVA-heparin
ydrogel, which displayed electrically controlled release
roperties of heparin [347]. Under an electric current of
.5 mA, the release rate of heparin from the substrate was
wo times higher than that without the current.

In comparison to the film, 1D nanostructures of con-
ucting polymers are better suitable to the applications

n drug delivery for their large surface area. Martin and
o-workers demonstrated that PLGA/PEDOT or PLGA/PPy
omposite nanofibers synthesized via electrospinning
pproach and followed by electrochemical deposition
ould function as controlled drug delivery systems [168].
he electrospinning technique affords a facile and versa-
ile method to fabricate polymer nanofibers. During the
rocess of electrospinning, the drug of dexamethasone

an be easily incorporated into the polymer nanofibers.
fter electrochemical deposition, the as-synthesized core-
heath PLGA/conducting polymers had lower impedance
nd much higher charge-transfer capacity compared to
hat of electrospun PLGA nanofibers. The results showed
se. (E, F) Drug releases from PEDOT nanotubes under external electrical
T/PLGA core-sheath fibers without (circles) and with (triangles) electrical
PEDOT nanotubes after 16, 87, 160 and 730 h (from down to top) [168].

that 75% of the dexamethasone was released after seven
days for drug-loaded electrospun PLGA nanofibers. In con-
trast, for drug-loaded PLGA/PEDOT composite nanofibers,
less than 25% of the dexamethasone was released after
54 days. This indicated that the PEDOT layer on the sur-
face of PLGA fibers delayed the release of dexamethasone
from PLGA nanofibers. Most importantly, the dexametha-
sone can be control-released from PLGA/PEDOT composite
nanofibers by using an electrical simulation (Fig. 21). Under
a voltage bias, the drug release rate increased significantly,
attributed to the contraction of PEDOT shell for a fast expul-
sion of dexamethasone. The controlled drug release based
on conducting polymer nanocomposites provides a useful
means to fabricate electronically active devices with living
tissues.

4.7.2. Tissue engineering
As already mentioned, 1D conducting polymers have

good electrical properties, electroactivity and large sur-
face area, and are good candidates for use in the field
of tissue engineering. In particular, it is expected that
electrical stimulation could modulate cell attachment, pro-

liferation, migration, and differentiation. For example, a
PPy film has been found to enhance the neurite exten-
sion of pheochromacytoma 12 (PC12) cells with immediate
electrical stimulation [348]. Combined with another 1D
nanostructured malleable material, the drawbacks of crys-



lymer Sc
704 X. Lu et al. / Progress in Po

talline and limited porosity of conducting polymers can be
overcomed. Again, electrospinning offers a simple and ver-
satile method for the fabrication of polymer nanofibers.
Electrospinning a blended polymer solution containing
conducting polymers and another kind of biocompatible
polymer could produce conductive composite nanofibers
with high-surface area, high porosity, good biocompat-
ibility and sometime biodegradability that can be used
for tissue engineering. The natural protein gelatin is
often used as scaffold for tissue engineering. Lelkes and
co-workers fabricated PANI/gelatin composite nanofibers
by electrospinning their mixed solution in 1,1,1,3,3,3-
hexafluoro-2-propanol [187]. SEM images showed that the
size of the composite fibers decreased with increasing con-
centration of PANI in the solution. The typical diameter of
the composite fibers was 61 ± 13 nm for 60:40 PANI/gelatin
composites. It was also found that the tensile strength of the
composite nanofibers increased with increasing content of
PANI. The attachment and proliferation of H9c2 cardiac
rat myoblast cells on PANI/gelatin composite fibers were
similar to those on tissue culture-treated plastic (TCP).
However, the celluar response to PANI/gelatin compos-
ite nanofibers under electrical stimulation has yet to be
reported.

In addition to PANI/gelatin, CSA doped PANI can
also be blended with poly(l-lactide-co-ε-caprolactone)
(PLCL) to form PANI/PLCL composite nanofibers via
electrospinning technique [349]. The diameters of the
as-synthesized PANI/PLCL composite nanofibers ranged

from 100 to 700 nm. In comparison to the membrane
of pure PLCL nanofibers, the membrane of PANI/PLCL
composite nanofibers exhibited higher adhesion for three
different types of cells: human dermal fibroblasts, NIH-

Fig. 22. (A) Fluorescence micrograph of DRG neurite growth on random PCL/PPy
nanofibers. (C) Fluorescence micrograph of DRG neurite growth on aligned PC
GmbH&Co. KGaA, Weinheim.
ience 36 (2011) 671–712

3T3 fibroblasts, and C2C12 myoblasts. For an example of
human primary fibroblasts cultured on PANI/PLCL compos-
ite nanofibers containing 30% PANI, the relative activity
was almost three times greater than that on pure PLCL
nanofibers. In particular, the cell growth under the elec-
trical simulation was also investigated. The results showed
that the growth of NIH-3T3 fibroblasts was enhanced under
an electrical current. Kim et al. demonstrated the fabri-
cation of PANI/collagen composite films through solvent
evaporation of the mixed solution of PANI and collagen,
followed by cross-linking with glutaraldehyde vapor [350].
Adult porcine skeletal muscle cells attached and grew well
on the as-synthesized PANI/collagen composite films, indi-
cating their good supports for cell growth.

Composite nanofibers with a core-sheath structure are
also good candidates for tissue engineering applications. By
chemical or electrochemical depositon of conducting poly-
mers on the surface of electrospun polymer nanofibers, 1D
conducting polymer composites with core-sheath struc-
ture can be fabricated. Xia and co-workers prepared
PCL/PPy and PLA/PPy core-sheath nanofibers using using
electrospun PCL and PLA nanofibers as templates and
studied their applications in neural tissue engineering
[351]. Fig. 22 gives a fluorescence micrograph of a DRG
neurite field on both random and aligned PCL/PPy core-
sheath nanofibers. The results showed that the neuritis
grow radially on the scafford of random PCL/PPy core-
sheath nanofibers, while they grew in the orientation of
the aligned nanofibers. In comparison to random PCL/PPy

core-sheath nanofibers, it was found that the rate of neu-
rite extension can be enhanced by the aligned nanofibers.
In order to verify the effect of the presence of conductive
PPy, the neurite outgrowth on both random and aligned

core-sheath nanofibers. (B) SEM images of aligned PCL/PPy core-sheath
L/PPy core-sheath nanofibers [351]. Copyright 2009, Wiley-VCH Verlag
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CL/PPy core-sheath nanofibers under electrical stimu-
ation has been demonstrated. Compared to the length
f neuritis in the absence of electrical stimulation, the
aximum length of neuritis for random and aligned sam-

les increased by 83% and 47%, respectively, indicating its
otential applications for neural tissue engineering. Ran-
om and aligned PLGA/PPy core-sheath nanofibers have
lso been fabricated using the electrospinning technique
nd in situ chemical polymerization for neural tissue engi-
eering [352]. For rat PC12 cells and hippocampal neurons,
he growth and differentiation are similar with that of pure
LGA nanofibers. Electrical stimulation for the neutite out-
rowth has been demonstrated. It was found that lower
otential (10 mV/cm) was more beneficial for the neutite
rowth than higher potential (100 mV/cm). Under the stim-
lation with a potential of 10 mV/cm, more neurite-bearing
C12 cells and longer neuritis were obtained relative to
nstimulated controls. In addition, aligned PLGA/PPy core-
heath nanofibers also exhibited the formation of more
eurite-bearing cells and longer neurites compared to the
andom PLGA/PPy core-sheath nanofibers under the elec-
rical stimulation.

. Conclusions and outlook

1D conducting polymer nanocomposites exhibit high
onductivity, large surface area and many other properties
riginating from the second component in the composite.
oth size and composition control are important to pre-
are conducting polymer nanocomposites with desirable
roperties. As described in this review, many innova-
ive synthetic approaches have been developed in the
ecent years, including in situ chemical polymerization,
lectrochemical polymerization, emulsion polymerization,
-irradiation-induced chemical polymerization, surfactant
ssistant chemical polymerization, vapor-phase polymer-
zation, self-assembly, template method, post-treatment,
ydrothermal reaction, co-electrospinning, one-step redox
eaction, and so on, for the fabrication of 1D conduct-
ng polymer nanocomposites with carbon nanotubes,

etals, metal oxides, chalcogenides, polymers, biolog-
cal materials, porphyrins and metal phthalocyanines.
unctional 1D conducting polymer nanocomposites syn-
hesized by these methods exhibit many intriguing
roperties, which have been extensively explored in
he applications of electronic nanodevices, chemical and
iological sensors, catalysis and electrocatalysis, energy
evices, microwave absorption and EMI shielding, ER fluids
nd biomedicine.

While research on 1D conducting polymer nanocom-
osites has progressed quickly, many tasks remain. For
onducting polymers, the main challenge is still to increase
heir electrical conductivity. Size, shape and composition
ontrol may provide a potential approach to synthesize
anostructured materials with high electrical conductivity.
herefore, future developments should focus on improving

ynthetic methods and deriving novel assembly processes
or better control of the size, composition, structure,
nd interface of 1D conducting polymer nanocomposites.
n terms of the applications of 1D conducting polymer
anocomposites, many important questions also remain.
ience 36 (2011) 671–712 705

For example, in the field of sensor appications, improve-
ment of the sensitivity and decreasing the operation
temperature are very important. It is anticipated that
the combination of another suitable component with
conducting polymers and the formation of 1D nanos-
tructures may effectively achieve these objectives. For
microwave-absorbing applications, it has been shown that
both dielectric and magnetic losses can be observed for
1D tubular nanostructures, while conventional conduct-
ing polymers only belong to dielectric loss materials [39].
In particular, in the area of energy applications, super-
capacitors based on conducting polymers attracted more
and more attention for their large specific capacitance.
However, their stability is not very good. It is expected
that adding another nanocomponent as the sacfford of
conducting polymers may enhance the stability of the
supercapacitor device.

The preceding demonstrates that 1D conducting poly-
mer nanocomposites are very promising materials for
various kinds of applications. However, studies are still
desired on new methods for the fabrication of such mate-
rials, finding intriguing and enhanced properties, and
expanding their applications. It is anticipated that more
and more exciting discoveries will be made in this field in
the years to come.
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